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Abstract

Background: In a recent study we had evidence that sulphite oxidase (SO) may be a relevant autoantigen in
primary sclerosing cholangitis (PSC). Aim of the present study was, therefore, to analyse humoral and cellular
immune-reactivity towards SO in these patients in more detail.

Methods: Sera from 53 patients with PSC (30 untreated and 23 treated with ursodeoxycholic acid [UDCA] at time
of analysis), from 422 patients with different hepatic and non-hepatic disorders, and from 50 healthy individuals
were tested by ELISA for antibodies against full-length-SO (SO-fl) and its three major domains expressed in E.coli
(SO-I, SO-II, SO-III). For epitope-mapping, 29 overlapping peptides were used. Peripheral blood mononuclear cells
(PBMC) were obtained from 33 PSC-patients and analysed for SO-induced proliferation, production of cytokines,
and expression of the activation marker cluster of differentiation (CD) 69.

Results: 43% of the 30 untreated and 26% of the 23 treated PSC-patients had IgG anti-SO-antibodies predominantly
reacting with SO-fl, SO-I and SO-II. Antibody-reactivity decreased after UDCA-treatment. Prevalence and reactivity of
anti-SO-antibodies were significantly higher in PSC than in patients with other hepatic and non-hepatic disorders.
Epitope mapping revealed no distinct immuno-dominant regions within SO. Incubation of PBMC from PSC-patients
(but not from controls) with SO-antigens revealed an activation of B-cells and a T-helper cell type-2 reaction pattern
(production of interleukin [IL]-13, IL-10).

Conclusions: PSC-patients show humoral and cellular immune response towards SO. Antibodies may be predominantly
directed against conformational epitopes. SO enhances in vitro especially T-helper cell type-2 immune-reactions, which
may be pro-fibrotic. SO is a detoxifying enzyme present also in bacteria; further studies analysing its role in the aetiology
and pathogenesis in PSC may, therefore, be important.
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Background
Primary sclerosing cholangitis (PSC) is a chronic chole-
static liver disease characterised by diffuse inflammation,
fibrosis and sclerosis of intra- and/or extrahepatic bile
ducts [1]. Its aetiology and pathogenesis remains still
poorly understood [2–4]. In 30-70% of PSC patients
antibodies to neutrophils (p- or xANCA) can be de-
tected [5, 6]. Their target autoantigen has been elusive;
cathepsin G, elastase, lactoferrin, tubulin beta isoform 5
or the bacterial protein FtsZ have been discussed [7].
The clinical relevance of pANCA as diagnostic marker is
limited because they are also detectable in patients with
other disorders [8, 9]. Furthermore, there is no correl-
ation between ANCA and PSC activity [10].
Previously we showed that IgG-antibodies against the

mitochondrial enzyme sulphite oxidase (SO) have a high
prevalence in PSC [11]. Primarily we had reported that
antimitochondrial antibodies of the subtype M4 in pri-
mary biliary cholangitis (PBC) reacted with an antigen
present in a chicken liver-derived SO-fraction [12].
However, expressing SO in E.coli we could exclude that
M4 corresponds to SO; but testing sera from patients
with a variety of liver disorders against this recombinant
SO we accidentally found the strong association of anti-
SO with PSC [11].
SO is a ubiquitous enzyme located in the intermem-

brane space of mitochondria. It is a homodimer consisting
of three domains (see Additional file 1): an N-terminal
cytochrome b5-like heme/steroid binding, an oxidoreduc-
tase molybdopterin cofactor binding, and a C-terminal
immunoglobulin-like dimerization domain. SO is involved
in the conversion of sulphite to sulphate hereby detoxify-
ing excess sulphite [13, 14]. Human SO deficiency is a
fatal genetic disorder that leads to mental retardation and
early death [15]. Autoimmune processes directed against
SO have not yet been described in the literature.
Aim of the present study was, therefore, to see

whether humoral and cellular immune reactions towards
SO and its domains or distinct epitopes exist in PSC
patients.

Methods
Patients
Fifty-three patients with PSC (21 females, 32 males;
mean age 35 years, range 18-78 years) were analysed.
Diagnosis was based on typical clinical and laboratory
features and bile duct strictures in the endoscopic retro-
grade cholangio-pancreaticoscopy (ERCP). Twenty-two
(42%) had pANCA in the immunofluorescence test
(IFT). Detailed clinical and laboratory parameters of
these patients are given in Additional file 2.
Twenty-eight of the 53 PSC-patients additionally suf-

fered from inflammatory bowel disease (IBD), four

patients developed autoimmune hepatitis (AIH) in the
course of the disease, and five patients had other auto-
immune diseases (Additional file 2). From 30 of the 53
patients sera were available before any therapy, 23 pa-
tients were already under therapy with ursodeoxycholic
acid (UDCA) for at least six months at time of first
examination. From a previous study we had evidence
that UDCA-therapy decreases anti-SO-reactivity [11].
We, therefore, analysed the 30 untreated and the 23
treated patients separately. From 18 of the 30 untreated
patients serum samples were accessible also at least
6 months after having started UDCA-treatment.
In eight patients orthotopic liver transplantation

(OLT) had to be performed in the course of the disease.
Observation period after OLT ranged from one month
to 20 years. Three of these patients were pANCA posi-
tive before OLT.
Peripheral blood mononuclear cells (PBMC) were ob-

tained from 33 of the 53 PSC-patients. All of them were
already under UDCA-treatment; 17 suffered from IBD, 6
had further autoimmune disorders (Additional file 2).
Furthermore, sera from 60 untreated patients with AIH

(females n = 41, males n = 19; mean age 53 years) and 95
untreated patients with PBC (females n = 81, males n = 14;
mean age 56 years) were analysed. All patients with AIH
had a score of at least 15 according to the criteria of the
Autoimmune Hepatitis Study Group [16]. PBC patients
were selected according to their reactivity with subunits of
the 2-oxoacid dehydrogenase complex (OCD; M2-
antigen), i.e. 50 were anti-M2/ODC positive, 45 were
negative but had antibodies to nuclear dots (sp100), nu-
clear membrane (gp210) or centromeres [17].
Sera from 34 patients with alcoholic liver disease

(ALD; females n = 9, males n = 25; mean age 54 years)
and from 120 patients with viral hepatitis (hepatitis C, n
= 92, hepatitis B, n = 28; females n = 42, males n = 78,
mean age 41 years) were used as controls.
All patients with chronic liver diseases been seen by

one of the two authors CPB or CW.
Moreover, sera from 43 patients with ulcerative colitis

(UC; females n = 16, males n = 27; mean age 41 years)
and 44 patients with Crohn’s disease (females n = 23,
males n = 21; mean age 40 years; all histologically
proven; kindly provided by Dr. A. Raible, Department of
Internal Medicine I, Tuebingen) as well as from 26 pa-
tients with inflammatory connective tissue diseases
(CTD; collagen disorders n = 19, rheumatoid arthritis n
= 7; females n = 24, males n = 2; mean age 50 years; all
seen by one of the authors [RK]), and 50 healthy donors
(kindly provided by Dr. D. Wernet, Department of Trans-
fusion Medicine, Tuebingen; females n = 38, males n = 12;
mean age 44 years, range 23-59 years) were investigated.
The study had been approved by the local ethical com-

mittee of the Medical Faculty, University of Tuebingen
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(project number 076/2012BO1). Informed written con-
sent was obtained from each patient included into the
study, and the study protocol conforms to the ethical
guidelines of the 1975 Declaration of Helsinki.

Antigens
Generation of recombinant SO proteins in bacteria (E. coli)
Recombinant human full-length SO (SO-fl; amino acid
[aa] 1-488) was generated in E.coli as described [11]. For
cloning and expression of the SO-subunits the same
procedure was used. The cytochrome b5-like heme/ster-
oid binding domain of SO (SO-I;aa1-123) was generated
with oligonucleotide primers covering bp3-543 (forward:
5´-GGGACCCTATTAGGTCTCGGTG-3′, reverse:5´-
TACAGGATCATCAGCATAAGG-3′), the oxidoreduc-
tase molybdopterin cofactor binding domain (SO-II;
aa124-382) using primers covering bp544-1317 (forward:
5´-CGTCACCCAGCCCTGAAGG-3′, reverse:5´-TTCT
ACAGTCTCTCCATCCCG-3′), the molybdopterin co-
factor oxidoreductase dimerization domain (SO-III;
aa310-488) with primers covering bp1102-1638 (for-
ward:5´-GTGGTTCCTGGAGTGGTGG-3′, reverse:5´-
TGGGGAGACATAGACATGGAC-3′) of the precursor
form. The DNA-sequences of the plasmid constructs
were verified by sequencing (Eurofins Genomics,
Ebersberg, Germany).
Identity and integrity of the recombinant proteins SO-

fl, SO-I, SO-II, and SO-III were confirmed by matrix-
assisted laser desorption/ionization time of flight mass
spectrometry (MALDI-TOF; kindly performed by Dr. S.
Stevanovic, Department of Immunology, University of
Tuebingen, Germany).

Purification of recombinant SO-related proteins
In order to obtain highly purified SO-proteins, SDS-
electrophoresis was performed and the specific bands were
excised after Coomassie blue-staining (Fig. 1) [11]. All re-
combinant proteins and subsequent preparations were
shown to be negative for endotoxins by the limulus amebo-
cyte lysate test (Pyrogent® 5000; Lonza, Walkersville, MD).

Synthetic SO-peptides
Twenty-nine synthetic peptides, spanning the entire
length of human SO, were constructed according to the
reported sequence (Biotrend, Cologne, Germany). They
consisted of 25aa residues, with an overlap of eight aa
each (Additional file 3). Purity was > 80% as verified by
high performance liquid chromatography.

Detection of autoantibodies
Immunofluorescence test (IFT) for the demonstration of
different AIH- and PBC-related autoantibodies and
pANCA, the ELISA for the detection of antibodies to re-
combinant SO-proteins and SO-peptides, as well as SDS-
polyacrylamide gel electrophoresis (PAGE) and Western
blotting (WB) were performed as described [11, 18].
For ELISA, patients’ sera were diluted 1:400. Antigen

concentrations of 0.4 μg/ml (SO-fl and SO-II), 1.6 μg/ml
(SO-I), 3 μg/ml (SO-III), and 50 μg/ml (synthetic SO-
peptides) were applied. Optimal antigen- and serum-
concentrations had been evaluated by serial dilution
prior to this study.
In each assay three sera with high, medium and low

anti-SO-reactivity as well as a negative serum were
tested for the calculation of a standard curve to
which all test samples were referred. Antibody activ-
ities are given as absorbance multiplied by 1000. Sera
from 50 healthy individuals were used to determine
cut-off values [11].

Cellular immunoreactivity
PBMC cultures
Isolation of PBMC from heparinised blood was per-
formed according to standard procedures [19, 20]. They
were adjusted to one million cells/ml in RPMI 1640
medium containing gentamycin and 25% autologous
serum and then incubated with or without antigens at
37 °C in a humidified atmosphere containing 5% CO2.
The SO-related antigens SO-fl, SO-I, SO-II, and SO-

III were added to the PBMC in different concentrations
ranging from 5 to 0.005 μg/ml (5, 0.5, 0.05, 0.005 μg/ml)
in order to obtain the optimal ratio between specific im-
munocompetent cells and antigen concentrations for
each patients’ PBMC. For statistical analysis the concen-
trations with the strongest effect on the PBMC were
selected.

Fig. 1 Demonstration of recombinant SO proteins by SDS-PAGE (10%;
Coomassie-blue staining). M =molecular weight marker; 1 = SO-fl at
60 kDa; 2 = SO-I at 17 kDa; 3 = SO-II at 32 kDa; 4 = SO-III at 23 kDa.
* = bands were excised and confirmed to correspond to SO by MALDI-
TOF mass spectrometry
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Prior to the experiments kinetics had been performed
to obtain the optimal time points for the assays. For the
determination of the early activation marker CD69 by
flow cytometry PBMC were incubated with the different
antigens for 24 h, for the analysis of cell proliferation
and release of cytokines into the supernatant for seven
days [19, 20].

Proliferation assay
Proliferation of PBMC was determined by thymidine-
uptake according to standard procedures [19, 20]. Results
are given as counts per minute (cpm). Mean values of four
fold tests were calculated and used for statistical analysis.

Flow cytometry
For the determination of activated immune cells by flow
cytometry, the PBMC were incubated with or without
the antigens in different concentrations for 24 h. The acti-
vation marker CD69 was determined on T-, B-, and natural
killer (NK)-cells as described using FastImmune™CD4/
CD69/CD3,-CD8/CD69/CD3,-CD19/CD69/CD45, and -C
D56/CD69/CD45 (Becton-Dickinson, San Jose, CA) [19,
20]. An IgG isotype control for each antibody (BD Biosci-
ences Pharmingen, San Diego, CA) was used to set quad-
rants, and at least 10,000 cells were counted. Quadrants
were set based upon the isotype controls for each antibody.
Percentage of CD69 expressing cells of each cell type (CD4
+/CD3+; CD8+/CD3+; CD19+/CD45+; CD56+/CD45+)
was calculated.

Cytokine assay
Cytokines (interleukin [IL]-1,-5,-6,-10,-13, interfero-
n[IFN]-γ tumour necrosis factor[TNF]α and –β) were
determined in the PBMC supernatants after culturing
them with the antigens in different concentrations for
7 days as recently described using antibody pairs and re-
combinant cytokines as standards (Pharmingen, San
Diego, CA, USA) [19, 20].
Cut off values were 100 pg/ml for TNFβ and IL-17,

150 pg/ml for IL-10, 250 pg/ml for IL-6, 300 pg/ml for
IL-13 and TNFα, 500 pg/ml for IL-1 and IL-5, and
1300 pg/ml for IFNγ.

Cell viability
Viability and function of the PBMC was evaluated by in-
cubating them in parallel with poke weed mitogen
(PWM; 40 μg/ml, Biochrom AG, Berlin, Germany) [19,
20]; activation of subpopulations was proven by incuba-
tion with the recall-antigens Bacillus Calmette-Guérin
(BCG), purified protein derivative (PPD), and tetanus
toxoid (TT) [19, 20]. PBMC which were not activated by
any of these mitogens/antigens were omitted from fur-
ther analyses.

Statistics
For statistical analysis the Graph Pad Prism (version 4.
03) and SPSS (version 21.0) programs were applied. The
non-parametric Mann-Whitney test was used for
unpaired data, the non-parametric Wilcoxon matched
pairs test for paired data, the Fisher’s exact test for com-
parison of prevalence of anti-SO antibodies, and the
Pearson product-moment correlation coefficient for de-
termination of correlations between pANCA and anti-
SO antibodies. P-values ≤0.05 were defined as signifi-
cance levels. Significant data were further analysed by
post hoc-tests.
Furthermore, receiver-operating curves (ROC) were

calculated to confirm the cut off-levels and to evaluate
differences between antibody reactivity in PSC-patients
and patients with other disorders.

Results
Expression of SO in E. coli
The elution steps after expression of SO-fl, SO-I, SO-II
or SO-III in E.coli were applied to SDS-electrophoresis.
Bands at 60 k Dalton (kDa) for SO-fl, at 17 kDa for SO-
I, at 32 kDa for SO-II, and at 23 kDa for SO-III were ob-
served after protein staining (Fig. 1). The identity of
these determinants with the respective SO-subunits was
verified by MALDI-TOF spectrometry. In further inves-
tigations these proteins were used as recombinant SO-
related antigen fractions.

Identification of SO-related determinants by WB
By WB, the monoclonal antibody recognised the 60 kDa
band of SO-fl and the 17 kDa band of SO-I. With pa-
tients’ sera different reaction patterns were observed
reacting with at least one of the SO-related antigens.
Sera from healthy individuals were negative (data not
shown).

Analysis of the humoral immunoreactivity towards
SO-proteins
In order to avoid bacterial contaminations in the recom-
binant SO-fractions, the respective SO-bands (Fig. 1)
were eluted from the SDS-gels and applied as highly
purified antigens in the ELISA. The prevalence of IgG-
antibodies to SO-fl and SO-I (aa1-123) and of IgM-
antibodies to SO-fl, SO-II (aa124-382) and SO-III
(aa310-488) was significantly higher in patients with
PSC as compared to patients with other diseases includ-
ing IBD (Table 1).
Furthermore, the IgG-antibody reactivity against SO-

fl, SO-I and SO-II was significantly higher in the un-
treated PSC-patients as compared to the other groups of
patients and blood donors (Fig. 2a-c). Again, reactivity
with SO-III was less specific for PSC because only pa-
tients with PBC, CTD or blood donors showed a
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significant decrease in IgG antibody activities as com-
pared to PSC patients (Fig. 2d). Calculation of sensitivity,
specificity and accuracy revealed values of 43%, 96%, and
93% for antibodies to SO-fl, 23%, 97% and 93% for anti-
bodies to SO-I, 20%, 96% and 91% for antibodies to SO-
II, and 10%, 92% and 87% for antibodies to SO-III.
There was a significant correlation between antibody

reactivity towards SO-fl and that towards SO-I, -II, and
–III (p < 0.05; data not shown).
Similar data were obtained for IgM-antibody reactivity.
The PSC-specificity of IgG- and IgM-antibodies to

SO-fl, SO-I and SO-II was also proven by ROC-analysis
calculating the areas under the curves (AUC) (Add-
itional file 4); for SO-fl, SO-I and SO-II PSC-sera dif-
fered significantly from all other groups. For SO-III,
PSC-patients differed only from patients with PBC, IBD
and from healthy controls.
Within the PSC-group there was no significant differ-

ence in SO-reactivity between those with (n = 15) or
without IBD (n = 15) (Additional file 5), but both groups
showed higher anti-SO-reactivity towards SO-fl, SO-I
and SO-II than patients with IBD alone.
Comparing UDCA-treated (n = 23) and untreated PSC-

patients (n = 30), in the treated patients IgG- (and IgM-)

antibody reactivity against SO-fl and SO-I was signifi-
cantly reduced (Fig. 2). Also in the 18 patients who were
untreated and of whom sera were available in the course
of the disease during therapy with UDCA, a significant de-
crease of antibody reactivity was observed during therapy
(p < 0.01); however, this decrease was only observed after
treatment for more than 2 years, but then it persisted for
an observation period of more than 15 years. Reappear-
ance of the antibodies was not observed. Laboratory
parameters (alkaline phosphatase [AP], gamma-glutamyl-
transferase [γGT], alanine aminotransferase [ALAT], as-
partate aminotransferase [ASAT]) significantly decreased
during UDCA-treatment (Additional file 2), but there was
no correlation with any anti-SO-antibody reactivity,
neither before nor during UDCA-therapy (not shown).
Moreover, pANCA and anti-SO antibodies did not

correlate as already shown in our previous study [11].
Thus, one of the 30 untreated PSC patients (3%) had
both, pANCA and anti-SO-fl antibodies; 12 (40%) had
only anti-SO-fl antibodies and nine (30%) only pANCA.
All eight PSC-patients in whom OLT had to be per-

formed were anti-SO negative (for all SO-subunits) be-
fore OLT due to UDCA-treatment. In none of them
anti-SO antibodies appeared after OLT even for an ob-
servation period of up to 20 years. In contrast, in all
three patients being pANCA positive before OLT, these
antibodies persisted after OLT.
In order to define immuno-dominant epitopes of SO,

sera from 11 PSC patients being anti-SO positive were
tested against 29 peptides with 25aa by ELISA. Reactivity
to all peptides was significantly higher in PSC patients
than in healthy controls, however also sera from patients
with other disorders had higher antibody reactivity to
most peptides than healthy control (Fig. 3). In PSC-
patients, the strongest antibody reactivity was observed
towards peptides 12 (aa188-212, SO-II) and 24 (aa392-
416, SO-III) (see also Additional file 1), and for these
peptides as well as peptides 1 (aa1-25, SO-I), 5 (aa69-93,
SO-II), 9 (aa137-161), 13 (aa205-229, SO-II), 14 (aa222-
246, SO-II), 17 (aa273-297) and 20 (aa324-348) sera
from PSC patients showed also higher reactivity than
sera from patients with other disorders.
For IgM-antibodies a rather heterogeneous reaction

pattern was observed (not shown).

Analysis of the cellular immune-reactivity towards
SO-proteins
All four SO-related antigens strongly enhanced the pro-
liferative response of PBMC from PSC-patients in a
dose-depended manner being strongest at the highest
concentration of 5 μg/ml. They also induced prolifera-
tion of PBMC from healthy donors, but to much less
extent as compared to the PSC-PBMC (Fig. 4).

Table 1 Prevalence of anti-SO antibodies of the IgG- and IgM-
type in sera from patients with untreated PSC as compared to
controls

Diagnosis No.
patients

Antibodies to

SO-fl SO-I SO-II SO-III

IgG-type: number (%) positive

Untreated PSC 30 13 (43) 7 (23) 6 (20) 3 (10)

PBC 95 0 *) 0 *) 0 *) 2 (2)

AIH 60 4 (7) *) 3 (5) *) 4 (7) *) 6 (10)

ALD 34 2 (6) *) 2 (6) *) 2 (6) 7 (20)

Hepatitis B or C 120 2 (2) *) 0 *) 2 (2) *) 9 (7)

Ulcerative colitis 43 4 (9) *) 2 (5) *) 3 (7) 3 (7)

Crohn’s disease 44 5 (11) *) 4 (9) 4 (9) 4 (9)

CTD 26 0 *) 0 *) 2 (8) 3 (11)

Blood donors 50 3 (6) *) 3 (6) *) 3 (6) 2 (4)

IgM-type: number (%) positive

Untreated PSC 30 7 (23) 3 (10) 10 (33) 14 (47)

PBC 95 0 *) 0 *) 0 *) 0 *)

AIH 60 2 (3) *) 1 (2) 2 (3) *) 1 (2) *)

ALD 34 2 (6) *) 0 1 (3) *) 1 (3) *)

Hepatitis B or C 120 2 (2) *) 2 (2) 3 (2) *) 2 (2) *)

Ulcerative colitis 43 2 (5) *) 2 (5) 1 (2) *) 2 (5) *)

Crohn’s disease 44 1 (2) *) 1 (2) 5 (11) *) 4 (9) *)

CTD 26 0 **) 0 0 **) 0 **)

Blood donors 50 3 (6) *) 3 (6) 1 (2) *) 2 (4) *)

*significantly lower as compared to patients with untreated PSC, p < 0.05
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Moreover, incubation with SO-related antigens strongly
enhanced the expression of the activation marker CD69
by CD19+/CD45+ B-cells from PSC-patients but not from
healthy controls (Fig. 5). Spontaneous CD69 expression by
CD4+ and CD8+ T-cells was significantly lower in PSC-
patients (median 0.70% and 4.25%) than in the control
group (median 2.32% and 14.32%). Again, there was a sta-
tistically significant increase of CD69-expression after in-
cubation of PSC-PBMC with SO-fl, SO-I, -II, and-III,
while the activation of both T-cell subpopulations from
healthy donors was rather reduced (although statistically
not significant) (Fig. 5). NK-cells were activated in both
groups only by SO-fl and SO-I.
Analysis of cytokine production revealed that PBMC

from PSC-patients produced already spontaneously sig-
nificantly higher amounts of IL-13 and IL-10 than that
from healthy controls (Fig. 6a, b); IL-13 production was
significantly enhanced by incubation of the PBMC from

PSC patients with SO-fl but not the other SO-antigens.
Moreover, incubation of PBMC from PSC patients with
SO-fl and SO-I lead to a significant increase of IL-10
production. The same effect – but to less extent - was
observed for PBMC from healthy individuals (Fig. 6b).
Also, IFNγ-production was higher by PBMC from PSC

patients than from controls, but the difference was sta-
tistically not significant due to the large standard devia-
tions (Fig. 6c). Incubation with SO-fl but not the other
SO-proteins significantly enhanced the IFNγ-secretion
by PBMC from PSC patients but not from controls.
Spontaneous IL-6-production by PBMC did not differ

between PSC-patients and controls, but in both groups
incubation with the four SO-proteins lead to a strong
and significant increase of IL-6-secretion (Fig. 6d).
There was no effect of the SO-related antigens on the

secretion of IL-5, TNFβ, IL-1α, IL-17 or TNFα by PBMC
from PSC-patients and controls (data not shown).

a b

c d

Fig. 2 Activity of anti-SO-antibodies of the IgG-type towards SO-fl (a), SO-I (cytochrome b5-like heme/steroid binding domain) (b), SO-II (oxidoreductase
molybdopterin cofactor binding domain) (c) and SO-III (molybdopterin cofactor oxidoreductase dimerization domain) (d) in sera from
patients with different hepatic and non-hepatic disorders as determined by ELISA. Individual values (•) and median (―) are given. _ - -: threshold for
positivity. * significant as compared to untreated PSC patients; p < 0.05 (with post-hoc tests Tukey and Bonferroni)
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A correlation coefficient of r = 0.83 was calculated
between anti-SO-fl-antibody reactivity and SO-fl-
induced CD69-expression by B-cells. A similar correl-
ation (r = 0.80) was observed between anti-SO-III-anti-
body reactivity and SO-III induced B-cell activation.
There was no relation between antibody-reactivity and
other cellular reactivities towards the SO-antigens (data
not shown).

Moreover, there was no significant difference in any
cellular reactivity between PSC-patients with or without
IBD (data not shown), which may be, however, due to
the low number of patients.

Discussion
In this study we found a strong humoral and cellular
immune reactivity in PSC-patients towards SO previ-
ously suggested being a relevant autoantigen in PSC
[11]. Included in the analysis were also its three major
domains, the cytochrome b5 heme-binding (SO-I)-, the
molybdenum-pterin (SO-II)- and the immunoglobulin-
like domain (SO-III). Antibodies to SO-fl, to SO-I, and
to less extent to SO-II were specific for PSC, while SO-
III was recognised also by sera from patients with other
liver disorders. The antibodies were of the IgG- and
IgM-type, but the IgG-antibodies seem to be more
relevant.
Anti-SO-fl antibodies were present in 43% of untreated

PSC-patients, 42% had pANCA. We confirmed our pre-
vious data indicating that there was no correlation or
cross-reactivity between both antibody types and that
anti-SO-antibodies are more specific for PSC than
pANCA [11]. Combining both antibodies, i.e. pANCA
and anti-SO, only 8 (27%) of our untreated PSC patients
were still antibody-negative. Whether the presence of
anti-SO antibodies in the few patients with other liver
disorders and IBD may be indicative for subclinical PSC
and especially in case of AIH for an overlap syndrome
with PSC [21] has to be evaluated in the further course
of the disease.
In contrast to pANCA, prevalence and reactivity of

anti-SO antibodies especially to SO-fl, SO-I and SO-II
was significantly lower in patients with IBD than with
PSC. Furthermore, we confirmed our previous observa-
tion that anti-SO-antibodies seem to decrease during
UDCA-treatment while the pANCA remain unaffected,
and this effect was independently whether the antibodies
were directed against SO-fl or its three subunits. Since it
has been shown that hydrophobic bile acids enhance
SO-enzyme-activity and that the enzyme is released into
the cytosol during apoptosis [22, 23], one could hy-
pothesise that accumulation of these pro-apoptotic toxic
bile acids in PSC may result in an altered presentation of
the enzyme or the formation of a neo-antigen which can
then be recognised by immunocompetent cells. Treat-
ment with the hydrophilic UDCA, which has anti-
apoptotic properties, may then reduce SO-expression
and SO-related autoimmunity.
Interestingly, the anti-SO antibodies, which were

negative in all eight patients in whom OLT had to be
performed, probably due to UDCA-treatment, remained
negative after OLT even for a long observation period.
However, in all the patients UDCA-therapy was

Fig. 3 IgG-reactivity of sera from 11 anti-SO positive PSC-patients, 10
patients with other disorders, and 10 healthy controls with 29 SO-
peptides (25aa, 8aa overlapping) in the ELISA. The median is given.
Significant as compared to the blood donors: * p < 0.05; ** p < 0.01;
*** p < 0.001
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continued after OLT. In contrast, in the three patients
being pANCA positive before OLT, the antibodies per-
sisted despite immunosuppressive and UDCA treatment
after OLT.
In order to define immuno-dominant epitopes for

anti-SO-antibodies, sera were tested against 29 peptides
representing the entire SO protein. However, no distinct
immuno-dominant region specific for PSC could be
identified. The PSC-specific reactivity towards SO-fl and
SO-I may be, therefore, rather related to conformational
epitopes. The strongest reactivity of PSC-sera was
observed towards the two peptides 12(aa188-212) and
24(aa392-416) located in the molybdenum-pterin- and
the C-terminal immunoglobulin-like dimerization
domain, respectively, but these peptides were also recog-
nised – although to less extent – by sera from anti-SO-
negative patients with other disorders and healthy
controls. Interestingly, the peptide aa188-212 comprises
the binding sites for molybdenum pterin in position aa
207. Recent data suggest that the binding of molyb-
denum cofactor (Moco) is essential for the unidirectional
translocation of SO into the mitochondria [24]. Accu-
mulation of SO in the cytosol could make the protein
more accessible for the immune system. Performing
Basic Local Alignment Search Tool (BLAST) analysis,
these two peptides 12 and 24 showed high similarity
with SO from various bacteria - as expected because it is

an archaic enzyme - but also some nematodes. Further-
more, SO occurs in plants and is highly similar to an-
other enzyme, nitrate reductase. The Moco-binding
domain belongs to ubiquitous super families including a
very diverse range of proteins [25, 26]. One could, there-
fore, speculate that anti-SO antibodies are induced by
molecular mimicry. This may also explain the presence
of antibodies towards these peptides in patients with
other disorders and even healthy controls suggesting the
existence of a natural humoral autoreactivity towards
SO-peptides.
To the contrary, we did not find a significant natural

autoreactivity to SO on the cellular level in healthy indi-
viduals. This is in contrast to other autoimmune diseases
[27–30]. Thus, PBMC from healthy individuals showed
– in contrast to PBMC from PSC-patients – only a slight
proliferative response towards SO-antigens. Moreover,
incubation of PBMC from PSC-patients with SO-
antigens strongly enhanced the activation, i.e. CD69-
expression, of B-, CD4 + − and CD8+ T-cells from PSC-
patients but not from healthy controls. Also cytokine
production –except for IL-6 (see below) – was only mar-
ginally induced in PBMC from healthy individuals as
compared to the PSC-patients. SO may, therefore, lead
to T-cell-dependent B-cell activation in PSC. The state
of activation of T-cells was in PSC even significantly
lower than in the healthy individuals, and in the latter

Fig. 4 Proliferative response of peripheral blood mononuclear cells from 33 PSC patients and 10 healthy individuals towards the four SO-proteins
SO-fl, SO-I, SO-II, SO-III as measured by lymphocyte transformation test (cpm = counts per minute). Sp = spontaneous proliferation without antigen.
Significance levels as compared to the spontaneous proliferation are indicated. Significance as compared to PSC-patients: * p < 0.05; ** p < 0.01;
*** p < 0.001
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group the SO-antigens rather reduced the CD69 ex-
pressing T-cells; i.e. SO may have an inhibitory effect on
pre-activated T-cells. In vivo it has been shown that T-
cells may be rendered anergic through continuous
stimulation with antigen and can become negative regu-
lators of immune responses by releasing IL-10 [31]. This
fits to our finding of a strong IL-10-production by
PBCM from PSC-patients which was even enhanced by
incubation with SO. On the other hand it is known that
IL-10 can be produced also by B-cells, especially regula-
tory B cells [32]. It is well-established that autoantigen-
specific B-cells, when present in the repertoire, are the
first subset of antigen presenting cells to capture and
present self-proteins for activating T-cells [33]. B-cells
producing IL-10 have been shown to down regulate
TH1-reactivity and ameliorate TH1-diseases [32], hereby
increasing TH2-reactivity. Due to limited numbers of
PBMC we could not analyse whether in our patients IL-

10 was, indeed, produced by regulatory B- or T-cells.
However, the strong release of IL-13 and IL-10 by
PBMC from PSC-patients – a phenomenon which we
did not observe with PBMC from PBC-patients (own
unpublished observation) – also argues in favour of
TH2-mechanisms involved in PSC as already shown for
autoimmune pancreato-cholangitis [34]. TH2-cytokines,
and especially IL-13, are known to be under certain con-
ditions pro-fibrotic factors and to promote fibrocyte dif-
ferentiation [35–38]; this may be related to the fibrotic
changes in the liver in PSC. Indeed, antagonism of IL-13
signalling ameliorates fibrosis [39].
Interestingly, SO strongly enhanced IL-6-production

by PBMC not only from PSC patients but also from
healthy donors. A non-specific effect due to probable
contamination with endotoxins could be excluded with
high possibility by a negative Limulus test in these frac-
tions. Within PBMC macrophages and B-cells are the

Fig. 5 Influence of the four SO-antigens SO-fl, SO-I, SO-II, and SO-III on the expression of the activation marker CD69 by CD19+ B-cells, CD4+ helper- and
CD8+ cytotoxic T-cells and CD56+ NK-cells from 20 PSC patients and 10 healthy individuals as measured by flow cytometry. The percentage of activated
(CD69+) CD19+ B-cells, CD4+ or CD8+ T-cells of all CD19+ B-, CD4+ or CD8+ T-cells is given. sp. = spontaneous CD69 expression without antigen;
significant as compared to the spontaneous CD69-expression: * p < 0.05; ** p < 0.01; *** p < 0.001; # significant as compared to the
reaction of healthy controls (p < 0.05)
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strongest IL-6-producers. A release by macrophages in
our setting seems unlikely due to the lack of production
of other pro-inflammatory cytokines (TNFα or IL-1).
Therefore, a release by B-cells could be taken into
consideration as already reported for the autoantigen
thyroglobulin [40, 41]. This SO-induced increase of IL-6
production may explain the strongly enhanced activa-
tion/CD69-expression by NK-cells in both groups of
probands since it has been shown that IL-6 increases
NK-cell activity [42].
We are aware that the cellular data presented here for

PSC-patients and healthy controls have to be deepened
by further studies; thus all PSC-patients in whom these
analyses could be performed were already under UDCA-
therapy. Moreover, due to the limited amounts of PBMC
available from each PSC-patient we restricted our ana-
lyses in the present study to parameters which have been
shown in previous investigations on cellular immunity to
give reliable and significant results [19, 20, 43, 44], but

further markers for immunocompetent cells might be of
interest. Also, the analysis of PBMC from patients with
other liver disorders with respect to their SO-reactivity
will be important; our preliminary results indicate that
also PBMC from some patients with ALD and AIH –
but not PBC – show reactivity to SO-antigens, which
seem to differ, however, with respect to cytokine-
production and lymphocyte-activation from that in PSC-
patients (own unpublished observation).

Conclusions
Antibodies to sulphite oxidase, especially to the N-
terminal cytochrome b5-like heme/steroid- and the oxido-
reductase molybdopterin cofactor binding domain, are
rather specific for PSC and can be detected in about 43%
of patients. They may be, therefore, helpful to improve the
serological diagnosis of PSC and probably also of overlap
syndromes as for instance AIH/PSC. The antibodies may
be directed preferentially against conformational epitopes,

a b

c d

Fig. 6 IL-13 (a), IL-10 (b), IFNγ (c), and IL-6-production (d) by PBMC from 20 PSC-patients and 10 healthy controls after incubation with four SO-
related antigens. sp. = spontaneous cytokine release without antigen; significant as compared to the spontaneous cytokine release: * p < 0.05; **
p < 0.01; *** p < 0.001; # significant as compared to the reaction of healthy controls (p < 0.05)
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although two major immuno-dominant regions (aa188-
212) and (aa392-416) located in the molybdenum-pterin-
and the C-terminal immunoglobulin-like dimerization do-
main could be identified; these are, however, recognised
also by sera from controls indicating that the antibodies
may belong to the pool of natural autoantibodies.
Peripheral blood mononuclear cells (PBMC) from PSC

patients produced already spontaneously mainly the pro-
fibrotic TH2-cytokine IL-13 as well as IL-10. Incubation
of PBMC from PSC patients with SO-related antigens
induced an activation of B- but hardly T-cells and en-
hanced the type-2-cytokine pattern. Until now, there is
only little known about the role of SO in the liver in
general and especially in cholangiocytes; in this respect,
the induction of pro-fibrotic cytokines by PBMC from
PSC as described here is of interest. Further studies on
the role of SO in PSC might, therefore, help to elucidate
its relationship to the (aetio?)pathogenesis of the disease.
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