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Abstract

Unlike in other autoimmune liver diseases such as autoimmune hepatitis and primary biliary cholangitis, the role and
nature of autoantigenic targets in primary sclerosing cholangitis (PSC), a progressive, chronic, immune-mediated, life
threatening, genetically predisposed, cholestatic liver illness, is poorly elucidated. Although anti-neutrophil cyto-
plasmic antibodies (ANCA) have been associated with the occurrence of PSC, their corresponding targets have not
yet been identified entirely. Genome-wide association studies revealed a significant number of immune-related and
even disease-modifying susceptibility loci for PSC. However, these loci did not allow discerning a clear autoimmune
pattern nor do the therapy options and the male gender preponderance in PSC support a pathogenic role of auto-
immune responses. Nevertheless, PSC is characterized by the co-occurrence of inflammatory bowel diseases (IBD)
demonstrating autoimmune responses. The identification of novel autoantigenic targets in IBD such as the major
zymogen granule membrane glycoprotein 2 (GP2) or the appearance of proteinase 3 (PR3) autoantibodies (autoAbs)
have refocused the interest on a putative association of loss of tolerance with the IBD phenotype and consequently
with the PSC phenotype. Not surprisingly, the report of an association between GP2 IgA autoAbs and disease severity
in patients with PSC gave a new impetus to autoAb research for autoimmune liver diseases. It might usher in a new
era of serological research in this field. The mucosal loss of tolerance against the microbiota-sensing GP2 modulat-
ing innate and adaptive intestinal immunity and its putative role in the pathogenesis of PSC will be elaborated in this
review. Furthermore, other potential PSC-related autoantigenic targets such as the neutrophil PR3 will be discussed.
GP2 IgA may represent a group of new pathogenic antibodies, which share characteristics of both type 2 and 3 of
antibody-mediated hypersensitive reactions according to Coombs and Gell.
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The putative impact of autoimmunity in PSC
Primary sclerosing cholangitis (PSC) is a chronic
immune-mediated, life threatening, genetically predis-
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Primary sclerosing cholangitis is characterized by chol-
estasis due to inflammatory and fibrotic changes in large
bile ducts. The disease has a progressive course eventu-
ally resulting in biliary fibrosis and liver cirrhosis in a
proportion of cases finally. Moreover, patients with PSC
have an increased risk to develop hepatobiliary (most
frequently cholangiocarcinoma [CCA]) and extrahepatic
neoplasia independent of the duration and activity of the
disease. To date there is no causative treatment available
and liver transplantation remains the only curative ther-
apy [1, 4].

The impact of autoimmune responses in the patho-
physiology of PSC is still largely unknown. Neither
therapeutic options nor male gender preponderance in
PSC are indicative for a significant pathogenic role of
autoimmune responses. Indeed, the administration of
immunosuppressive drugs for PSC patients is at least
controversial and rarely recommended [5, 6]. Only in
the case of an overlap with autoimmune hepatitis (AIH),
immunosuppressive therapy is considered [7].

Cellular immune responses might be involved in the
pathophysiology of PSC [8]. However, in contrast to
primary biliary cholangitis (PBC), regulatory follicular
T helper cells in patients with PSC appear to have less
impact on the cholestatic pathophysiology [9].

The currently known susceptibility loci do also not
allow to discern a clear autoimmune pattern, though
the association with distinct HLA haplotypes suggests
an involvement of acquired immune responses [10]. In
particular, the association of such susceptibility loci as
CD28, IL2 and IL2RA (alpha subunit of the high-affinity
IL2 receptor) with PSC risk lends credit to the assump-
tion that the T lymphocyte-focused IL-2 pathway plays
a putative role in the pathogenesis of PSC. In this con-
text, an enterohepatic circulation of lymphocytes primed
in the gut and supported by a pathological co-expression
of adhesion molecules (vascular adhesion protein 1,
mucosal addressin cell adhesion molecule 1) in the liver
and gut of patients with PSC and IBD has been suggested
[11, 12].

Of interest, PSC is associated with the co-occurrence
of inflammatory bowel diseases (IBD) which are known
to be affected by autoimmune responses [13, 14]. Up to
70% of PSC cases show concomitant IBD, especially the
distinct phenotype of ulcerative colitis (UC) [2]. This
appears to be a unique feature among autoimmune
liver diseases. Patients with PBC rarely suffer from IBD
whereas only approximately 8% of AIH presenting as
overlap with PSC show concomitant IBD [15].

The two main clinical entities of IBD are Crohn’s dis-
ease (CD) and UC, both relapsing systemic inflammatory
illnesses [13, 14, 16, 17]. As one of the most frequently
diagnosed IBD in Caucasians (up to 322 per 100,000
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individuals in Europe), CD can affect any segment of the
digestive tract and is characterized by transmural inflam-
mation [18, 19]. Prevalence rates of UC, which demon-
strates superficial mucosal ulcerations restricted to the
colon, may even reach 505 per 100,000 individuals [20,
21].

Primary sclerosing cholangitis patients with con-
comitant UC demonstrated an elevated risk of liver dis-
ease progression [5]. Conversely, CD and IBD absence
appeared to confer prognostic favor in PSC and a lower
risk to develop adverse effects. Of note, with regard to
location of disease, CD in PSC seems to involve the colon
and rarely the small bowel alone. The onset of IBD symp-
toms in PSC is variable and a trend towards IBD pre-
ceding PSC with a milder but more extensive intestinal
inflammation compared to classical CD and UC has been
observed [22].

Akin to PSC, there is no causal treatment for IBD
and the illness may progress with repeated flare-ups to
therapy or digestive failure requiring surgical interven-
tion [23, 24]. Moreover, IBD is also associated with an
increased risk of various intestinal and extraintestinal
malignancies occurring already in adolescents and young
adults [25-27]. Most likely owing to environmental fac-
tors such as Western lifestyle, diet, and industrialization,
an alarming rise in the incidence and prevalence of IBD is
noticed worldwide whereas comorbidity with PSC in IBD
in common is underestimated [2, 19].

To date, 23 susceptibility loci have been identified by
genome-wide association studies (GWAS) for PSC [28].
In contrast, recent GWAS for CD and UC revealed 163
IBD-associated loci with a certain overlap for both enti-
ties [29, 30]. These regions contain candidate genes for a
variety of functions such as autophagy, microbe recog-
nition, lymphocyte signaling, response to endoplasmic
reticulum stress, cytokine signaling and others. Regard-
ing the comparison of susceptibility loci of PSC and
concomitant IBD, significant associations to the same
region of the genome appeared not always to be driven
by a common causal variant. Moreover, genome-wide
comparisons of PSC with CD and UC showed that the
comorbid gastrointestinal inflammation seen in the
majority of PSC patients cannot be fully explained by a
shared genetic risk [28]. Thus, PSC and comorbid PSC/
IBD phenotypes might be different entities at least in
terms of the genetic background. Consequently, autoim-
mune responses in PSC and PSC with concomitant IBD
could evolve on a different genetic background.

Humoral autoimmune responses in PSC

Given the close association of PSC with IBD, the discov-
ery of distinct autoantigenic targets in IBD and the use
of the corresponding autoantibodies (autoAbs) for IBD
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serology renewed the interest in humoral autoimmune
responses in PSC [16, 17]. Despite numerous attempts,
however, no autoantigenic targets could be identified in
PSC for a long time. Moreover, PSC-specific autoAbs
determined by immunofluorescence assay (IFA) did not
correlate with severity or phenotype of disease. Never-
theless, similar to IBD, research on the presumed impact
of autoimmune responses in PSC was mainly triggered by
autoAb studies [31].

The occurrence of autoAbs in IBD was first shown
for UC by revealing autoreactivity against intestinal cel-
lular antigens in the late 1950s [32-34]. Later, humoral
autoreactivity against neutrophil targets was reported
in patients with UC and interestingly PSC by the detec-
tion of antineutrophil cytoplasmic autoAbs (ANCA) with
immunofluorescence assay (IFA) [35-37].

In CD, the first report on humoral autoimmun-
ity referred to the occurrence of autoAbs against buc-
cal mucosa cells [38] and, later on, to exocrine pancreas
(PAD) ascertained by IFA [39, 40]. Whereas autoimmun-
ity in UC could be linked to the site of colonic inflam-
mation, the occurrence of PAb in CD remained an
unsolved enigma until recently. Though there is a certain
correlation of PAb with idiopathic chronic pancreatitis
as extraintestinal complication, the frequency thereof
is virtually the same in PAb-positive and PAb-negative
patients with CD [41-44]. Thus, the role of a loss of toler-
ance to exocrine glands of the oral cavity and in particu-
lar to the exocrine pancreas is difficult to explain in the
context of inflammatory changes in the intestine [45].

In PSC, humoral autoimmunity in the form of auto-
Abs to several targets including biliary epithelial targets
was reported [31, 46]. However, only atypical ANCA
detected by IFA or more precisely peripheral anti-neu-
trophil nuclear autoAbs (p-ANNA) recognizing a puta-
tive 50 kDa protein of the nuclear membrane have been
considered diagnostic for PSC [47-50]. The abbrevia-
tion p-ANNA should not be confused with antineuronal
nuclear antibody (Ab) used in the context of the serology
of paraneoplastic neuronal autoimmunity.

Until lately, there have been only few reports that the
above mentioned autoAbs in patients with IBD and PSC
are correlated with clinical parameters or even the phe-
notype of the disease. Consequently, they have not widely
been employed in clinical routine. Thus, the identifica-
tion of the respective autoantigenic targets could help in
shedding light on the role of humoral autoimmunity in
IBD and PSC. This would furthermore enable the devel-
opment of clinically useful tools for the diagnosis thereof.

Identification of autoantigenic targets in CD
Autoimmune processes have been considered to play
an active role in disease development and to modulate
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inflammatory processes in CD [51]. Therefore, the recent
identification of humoral autoantigens in CD provided
a new impetus for this hypothesis. Moreover, the sub-
sequent detection of these new autoAbs and their asso-
ciation with the phenotype and severity of PSC was a
remarkable finding [52].

Only 25 years after the first report on PAD in patients
with CD and numerous unsuccessful attempts by several
research groups, the corresponding molecular autoanti-
genic targets could be discovered [40, 53-57]. Lastly, gly-
coprotein 2 (GP2) was independently described by two
groups as autoantigenic target of PAb associated with
CD [58, 59]. Apart from GP2, Stocker’s group discovered
CUB/zona pellucida like domain-containing protein 1
(CUZD1) as a second antigenic target of PAb [59]. Inter-
estingly, PAD stain different exocrine pancreatic moieties
in IFA and two types of PAb are reported (type [; extra-
cellular drop-like staining of the acinar lumen; type IL:
speckled cytoplasmic staining of acinar cells) [60, 61]. As
the majority of type II PAb-positive sera revealed con-
comitant PADb I reactivity, these two IFA patterns could
also be the result of just one autoantigenic target such as
GP2 [45, 62].

Altogether, the identification of GP2 and CUZD1 as
autoantigenic targets in CD ushered in a new era in IBD
serology and triggered an impressive number of clinical
studies investigating the potential role of the respective
autoAbs in the differential diagnosis of IBD [63, 64].

Already two meta-analyses encompassing 17 and 15
serological studies have been reported to date [65, 66].
For GP2 autoAbs they revealed pooled diagnostic sensi-
tivities of 24% and 20% as well as pooled diagnostic spe-
cificities of 96% and 93%, respectively. In comparison to
the established Ab to Saccharomyces cerevisiae (ASCA)
in CD serology, autoAbs to GP2 demonstrated a remark-
able specificity allowing even the discrimination of intes-
tinal diseases with similar clinical symptoms such as
intestinal tuberculosis and Behcet’s disease [67]. This is of
diagnostic importance, since these illnesses are difficult
to discriminate from CD by endoscopic methods, which
are still the basic tools for gastroenterologists in the con-
text of this differential diagnosis. Of note, patients dou-
ble positive for GP2 autoAb and ASCA showed a 100%
specificity regarding the differentiation of CD from UC
underscoring the usefulness of autoAb/Ab profiling in
the differential diagnosis of IBD [68].

The moderate sensitivity of GP2 autoAb appears to
limit its use as diagnostic marker for CD [66]. However,
significant associations of CD-specific autoAbs could be
established with the severity and phenotype of disease
stratified in accordance with the Montreal classification
by different studies [64]. Thus, GP2 autoAbs are linked
with onset of disease at younger age (A1), ileal/ileocolonic
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inflammation (L1/L3) and a more severe course of dis-
ease (B2/B3). Regarding the latter, GP2 autoAbs are cor-
related with progressive strictures and need for surgery
in CD [69, 70]. Altogether, given the variability of the CD
phenotype, GP2 autoAb appears to be a valuable marker
for a severe CD with fibrotic manifestations. Moreover, it
could aid in the differentiation of recently proposed clini-
cal subtypes of CD [71]. In contrast to fecal calprotec-
tin, an established surrogate marker of active intestinal
inflammation in IBD, GP2 autoAb levels do not correlate
with disease activity [72]. However, GP2 autoAb appears
to be linked with the chronicity of inflammation as shown
for the occurrence of GP2 IgA in celiac disease [73-75].
Similar to celiac disease-specific IgA reactive with trans-
glutaminase or deamidated gliadin, GP2 IgA levels were
significantly reduced and eventually became negative
after the initiation of a gluten-free diet as causal therapy
[73]. Thus, GP2 IgA could be a candidate for a marker for
the successful treatment of CD from an immunological
point of view.

Similar studies for autoAbs to CUZD1 supporting an
association with disease phenotypes (early onset and
perianal disease) have been scarce or have not shown a
significant correlation [76-78]. Papp et al. [52] reported
GP2 autoAbs as an independent predictor of surgery
whereas autoAbs to CUZD1 predicted perianal disease in
the only prospective study available to date. For the first
time, GP2 and CUZD1 autoAbs were associated with the
co-occurrence of PSC and cutaneous manifestations in
this study, respectively [52]. Michales et al. [77] deploying
the same assay techniques, however, could not confirm
significant associations with extraintestinal manifesta-
tions. Nevertheless, the prospective study by Papp et al.
was the starting point for the investigation of GP2 as an
antigenic target in PSC.

Remarkably, GP2 autoAb occurrence could be linked
with de novo CD in patients suffering from severe UC
with pouchitis after colectomy and ileal pouch anal anas-
tomosis (IPAA) [79, 80]. This underscores a close link of
the occurrence of GP2 autoAbs with the change of micro-
biota within the pathophysiology of CD-like symptoms
in a formerly UC-driven inflammatory environment.
Further evidence for an infectious origin with related
changes of the microbiota comes from studies on the
animal model of CD in ruminants with Mycobacterium
avium induced paratuberculosis [81-83]. GP2 appears to
be the only specific target of PAb linked with the loss of
tolerance seen in this animal model.

Identification of autoantigenic targets in UC

In contrast to CD, ANCA to unknown neutrophil targets
were already reported in the 1980s as serological mark-
ers of PSC and UC [35, 37]. However, the attempts to
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discover the corresponding autoantigenic targets of these
ANCA or of UC-specific autoAb to intestinal goblet cells
did not provide consistent results [84, 85].

Teegen et al. [85] have reported DNA-bound lactofer-
rin as the main autoantigenic target of ANCA in patients
with UC, however, the finding has not yet been con-
firmed by others. Nonetheless, these autoAbs to a neu-
trophil target in combination with DNA showed a high
prevalence in patients with UC recently [86]. In this
extensive prospective evaluation of autoAbs and antimi-
crobial Abs in patients with UC, only ASCA IgA could
be identified as an independent predictor of long-term
immunosuppressive therapy with regard to the clinical
phenotype association of UC-specific antibodies [86].
This was a surprising finding, as ASCA was commonly
reported to be specific for CD.

Moreover, the identification of a colon specific 40 kDa
murine protein linked to UC could be reproduced in
humans, but the sequence analysis of this target failed to
match it with a particular molecule [87].

Hence, the independent reports of autoAbs to pro-
teinase 3 (PR3), a neutrophil target, by sensitive bead-
based chemiluminescence and fluorescence techniques
in patients with UC provided a new diagnostic option
for the differential diagnosis of IBD [88-91]. Despite the
excellent discrimination of UC from CD by PR3-autoAb
positivity and the association with more extensive inflam-
mation in UC, the finding raised a controversial discus-
sion. PR3 autoAb, also referred to as PR3-ANCA, has
been considered a specific marker of granulomatosis with
polyangiitis (GPA) formerly known as Wegener’s granu-
lomatosis [92]. Moreover, the majority of PR3 autoAb-
positive sera of patients with GPA appear to demonstrate
a classical cytoplasmic staining pattern on neutrophils
(cANCA) by IFA. This finding is not in line with the
atypical perinuclear ANCA or perinuclear antineutrophil
nuclear antibody (p-ANNA) pattern commonly deter-
mined with sera of UC patients.

Nevertheless, this intriguing finding warrants further
clinical evaluation to elucidate the putative autoantigenic
role of PR3 in UC and its possible link with the patho-
physiology in GPA. It provides further evidence, however,
for a potential role for neutrophils in the pathophysiology
of IBD as does the report of DNA-dependent lactoferrin
autoAbs. Due to the high prevalence of concomitant UC
in patients with PSC, the question of a potential role of
PR3 as an autoantigenic target in PSC began to appear on
the horizon.

Autoantigenic targets in PSC—Ilessons from humoral
autoimmunity in IBD

At the beginning of the millennium, IgG autoAbs rec-
ognizing biliary epithelial cells have been shown to be
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specific for PSC and in this context combine adaptive and
innate immune responses [46, 93]. However, despite their
reported potentially pathophysiological implications, to
date the autoimmune targets of these autoAbs have not
been identified. Nevertheless, this is another important
finding, which underscores the involvement of loss of tol-
erance in the pathogenesis of PSC.

Of note, all other relevant PSC-specific autoAbs appear
to recognize non-biliary targets [48]. Thus, the search for
autoantigenic targets in PSC was increasingly based on
serological studies with IBD patients.

Akin to UC, atypical ANCA or more precisely
p-ANNA have been one of the most debated diagnostic
markers in PSC [48, 94]. After the promising discovery
of a neutrophil, nuclear envelope-target molecule for
p-ANNA, Terjung et al. [95] identified beta-tubulin iso-
type 5 as a novel ANCA autoantigen in PSC. This target
shares a high structural homology with the microbial cell
division protein FtsZ. Unfortunately, this finding could
not be corroborated in other studies [96]. Moreover, all
these autoAbs and their corresponding targets previously
reported in patients with PSC do not seem to be directly
associated with the clinical symptoms of the illness [31,
97].

Thus, the report on PR3 autoAbs detected by a sensi-
tive chemiluminescence assay in patients with PSC and
its correlation with elevated liver enzymes, particularly
with alkaline phosphatase, renewed the interest in poten-
tial ANCA targets in PSC [98]. As outlined above in the
context of UC, the pathophysiological role of a tolerance
loss to PR3 in PSC is controversial due to the established
role of PR3 as a specific autoantigenic target in GPA. Of
note, a recent case report of a female patient with sus-
pected hepatically localized GPA could be an illustrating
example in this context [99]. The first diagnostic assump-
tion focused on vasculitis and particularly GPA as the
cause of clinical symptoms due to the PR3 autoAb posi-
tivity. However, because of the lack of both typical GPA
symptoms and involvement of other organs on the one
hand and elevated alkaline phosphatase levels on the
other hand, this diagnosis was not confirmed [99]. In
contrast, the PR3 autoAb positivity along with the chole-
static symptoms rather suggested the presence of PSC
with concomitant loss of tolerance to neutrophil compo-
nents and not GPA.

Besides the association of PR3 autoAb with the PSC
phenotype, another groundbreaking finding came into
the spotlight of autoimmune research in PSC. The first
report in the year 2015 on the association of GP2 autoAb
with concomitant PSC in patients with UC triggered
several studies on the role of loss of tolerance to GP2 in
PSC [52]. This finding could be corroborated by the same
group in an elegant prospective study in patients with UC
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demonstrating a correlation of GP2 IgA and not IgG with
UC and concomitant PSC [86]. Since GP2 autoAb has
been confirmed as a highly specific serological marker
for CD, this indicates that this autoAb is associated with
PSC and not with UC. It also provides an explanation for
the “false-positive” UC cases for the GP2 autoAb. This
assumption was supported by a seminal paper investi-
gating two independent European PSC cohorts [100].
A remarkable prevalence of around 50% was shown for
GP2 IgA in patients with PSC, secondary cholangitis and
most intriguingly CCA. Moreover, GP2 IgA was signifi-
cantly associated with disease severity and poor patient
survival in this study [100]. The latter association was
mainly due to CCA and its corresponding high mortal-
ity rate. Whereas Tornai et al. also reported a weak but
significant association of CUZD1 IgA with PSC in UC
patients, CUZD1 IgG as well as IgA did not show any
correlation with the disease phenotype in the two other
European PSC cohorts [100]. Altogether, this was the
first report linking an autoAb with the phenotype and
occurrence of CCA in patients with PSC. More interest-
ing is the fact that IgA and not IgG reactivity to GP2 was
responsible for this correlation. This hints at an involve-
ment of the mucosa-associated lymphoid tissue (MALT).
Recently, Tornai et al. [101] confirmed the association of
GP2 IgA with the severity of PSC in a prospective study
demonstrating a significant correlation with shorter
transplant-free survival for GP2 autoAbs. GP2 IgA was
the only independent predictor for liver transplantation
after adjusting for Mayo risk score with a hazard ratio of
4.69. Another intriguing finding was the correlation of
GP2 IgA occurrence with elevated levels of secretory IgA
(three times the normal value) which could be a sign of
an increased IgA secretion by epithelia and/or reabsorp-
tion of IgA from mucosal surfaces. In contrast, this phe-
nomenon was not revealed for all investigated microbial
Abs and autoAbs including ANCA [101].

In total, autoAbs to four isoforms of GP2 have been
reported in patients with IBD [102, 103]. These GP2 iso-
forms encompass two larger and two smaller isoforms
whereby the large and small isoforms differ in only three
amino acids (valine—proline—arginine) [64]. Intriguingly,
autoAbs to all four GP2 isoforms, which were expressed
as glycosylphosphatidylinositol (GPI)-anchored mem-
brane molecules in a human cell line, could be deter-
mined by IFA in patients with PSC from four European
university hospitals [104]. Combined testing for IgA to
GP2 isoforms 1 (large isoform) and 4 (small isoform)
was superior to the analysis of autoAbs to just one GP2
isoform and resulted in a sensitivity of 66% in the 212
patients with PSC [104]. AutoAbs to GP2 isoforms 1 and
4 were independent risk predictors for the severity of
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disease (occurrence of cirrhosis) after adjusting for age
and gender [104].

In summary, GP2 seems to function as a unique
autoantigenic target in CD and in PSC. Given the close
link with disease severity and carcinogenesis, IgA to GP2
and its isoforms have the potential to become accepted as
pathognomonic and predictive for PSC. It remains to be
shown what additional diagnostic or even prognostic role
PR3 autoAbs can play in the serology of PSC.

GP2 as an autoantigenic target in PSC—indication
of microbial involvement?

The novel autoantigenic target in PSC, GP2, is not
organ-specific nor is the PR3-AutoAb. In this context it
is interesting to note that the much debated controversy
on the expression of CD-specific autoantigenic targets
in extraintestinal organs (pancreas or oral cavity) and
not at the site of inflammation in the gut could only be
overcome for GP2 [58, 105]. Elevated transcription of
GP2 mRNA and translation of GP2 being a 78 kDa GPI-
anchored molecule with N-linked carbohydrates in intes-
tinal biopsy samples was only shown for patients with CD
in contrast to patients with UC [58]. Unlike for GP2, evi-
dence for the expression of the other PAb target CUZD1
in the intestine and a possible immunomodulating role
thereof is still lacking [106].

In earlier studies, GP2 was identified as the major
pancreatic zymogen granule membrane protein with
an assumed but non-confirmed role in zymogen gran-
ula formation [107-112]. Thus, the discovery of GP2 as
microbiome-sensing receptor for particularly FimH-pos-
itive bacteria on microfold (M) cells of the intestinal fol-
licle-associated epithelium (FAE) fundamentally changed
the understanding of GP2’s physiological role [113, 114].
Peyer’s patches (PP) harbouring M cells and located in
the epithelium covering MALT of the small intestine play
a pivotal role in intestinal immune responses [115]. Along
with the Ets transcription factor Spi-B, GP2 is a specific
marker of mature M cells characterized by high up-take
activity of luminal components [116, 117]. Active inflam-
mation in CD has been shown in intestinal PP which
are even regarded as potential sites of the inflammatory
onset [118-120]. There is growing evidence that intesti-
nal dysbiosis in connection with an impaired intestinal
immune response has a relevance to the development of
autoimmune disorders [115]. In line with this assump-
tion, an elevated risk for the onset of CD after gastroin-
testinal infections has been reported [121].

In this context, GP2’s modulating role of innate and
adaptive immune responses by sensing microbiota and
regulating intestinal anti-microbial immune responses is
quite remarkable [122-126]. The unique expression pro-
file of GP2 in mucous glands of the upper digestive tract
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and pancreas as well as on intestinal M cells suggests a
physiological balance in regard to the binding of FimH-
positive bacteria by secreted (soluble) and membrane-
bound GP2 in the gut [62]. High levels of adhesive E.
coli which can target human PP via long polar fimbriae
and point mutations in their FimH amino acid sequences
were linked with CD [127-129]. Interestingly, a reduced
GP2 presence on microbial surfaces in the intestine of
CD patients has been reported, indicating a disturbed
balance between soluble and membrane-bound variants
of GP2 in CD inflammation [51, 62]. Furthermore, the
association of loss of tolerance to GP2 with the appear-
ance of de novo CD-like inflammation in patients with
pouchitis supports the involvement of a disturbed inter-
action of GP2 with microbiota in the onset of CD [79,
130]. This finding is remarkable since an initial UC-spe-
cific inflammatory environment switched to a CD-like
one with autoimmunity to GP2 occurring presumably
due to the new microbiota composition in the pouch
after colon resection. This alludes to a pathogenic role
of GP2 autoAbs particularly of the IgA isotype. Thus, an
inadequate immune response to an infectious agent or
dysbiotic microbiota may trigger inflammatory processes
involving autoimmunity against M-cell receptors like
GP2.

With regard to liver autoimmunity, loss of tolerance
to similar surface receptors such as the hepatocyte-spe-
cific asialoglycoprotein receptor interacting also with
potential pathogens or their components has been dem-
onstrated in patients with AIH and PSC recently [131,
132]. Alike ASGPR autoAbs in AIH, GP2 autoAbs are
closely associated with the severity of disease in patients
with PSC. However, hitherto there is no report on the
presence of GP2 in the biliary tract. Thus, autoimmune
processes in the FAE of the gut could be responsible for
triggering or perpetuating pathophysiological changes
in the biliary tract in the context of the extensively dis-
cussed gut-liver axis.

Putative role of GP2 IgA in the pathophysiology

of PSC

Given the association of both GP2 IgG and IgA to the
fibrostenosing subtype and the severity of CD, it is quite
remarkable that only IgA to GP2 has been linked with the
clinical phenotype and severity in PSC. Of note, dimeric
GP2 IgA like most of the IgA secreted by mucosal plasma
cells could be actively transported by epithelial cells
onto mucosal surfaces as has been shown for GP2 IgA in
pouchitis patients with de novo CD [79]. Thus, GP2 IgA
might interact with bacteria coated with GP2 of pancre-
atic origin in the intestine and further cross-link it with
the GPI-anchored GP2 on M cells due to its dimeric
nature. That would support the up-take of particularly
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FimH-positive microbes by M cells and could enhance
the transcytosis of potentially pathogenic adherent bacte-
ria and subsequently inflammatory processes in the intes-
tinal mucosa [62]. If such a vicious cycle of perpetuating
inflammation could be established for the biliary tract in
PSC remains to be shown (Fig. 1). It would require the
secretion of GP2 into the bile by exocrine glands such as
periductal mucous glands and the presence of pathogenic
microbes in the bile. Oral, respiratory and genital mucus
glands have been demonstrated to secret GP2 in mice
apart from the pancreas as the main source of intestinal
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GP2 [105]. GP2 was also identified as a major component
of pancreatic intraductal plugs in chronic pancreatitis
which resembled hyaline casts containing uromodulin, a
renal GP2 homolog, in the urinary tract [133-135]. Given
the significant correlation of loss of mucosal tolerance
to GP2 to the pathophysiology of obstructive fibrotic
changes in the biliary tract, the presence of GP2 in bile
and its participation in gallstone formation would sup-
port a pathogenic role of GP2 IgA.

There is growing evidence to suggest that the biliary
tract is not a sterile environment as previously thought

soluble GP2

GP2 covered
microbe

GP2 SIgA

o

biliary duct

tumor-reactive
CD8+ T,

P2 autoreactive
CD4+T,

mucosa

Fig. 1 Putative pathophysiological role of mucosal autoimmunity to GP2 in PSC. After mucosal loss of tolerance to glycoprotein 2 (GP2), GP2

IgA is actively secreted by biliary epithelial cells into bile as GP2 secretory IgA (SIgA). Simultaneously, GP2 is shed from exocrine biliary cells along
with secretions into the bile. GP2 specifically interacts with putative FimH-positive microbes (FimH+) and binds to GP2 SIgA. The latter could link
the recognized microbe with GP2, membrane-bound by a glycosylphosphatidylinositol (GPI) anchor to the apical surface of biliary or intestinal
microfold cells of the follicle-associated epithelium. M cells transcytose the GP2-microbe complex and present it to antigen-presenting cells such
as IgA-positive (IgA+) B cells or dendritic cells (DC) of the underlying mucosa-associated immune system. Subsequently, IgA+ B cells including
GP2-reactive cells are triggered which differentiate directly or by CD4-positive T-helper cells (CD4+T,) assistance into immunosuppressive
IgA-secreting plasma cells (IgA+ PC) shedding interleukin 10 (IL10) and programmed cell-death 1 ligand (PD1-L). The latter two are considered
suppressors of tumor-surveillance components such as cytotoxic CD8— positive T cells (CD8+ T,). Taken together, this hypothetical vicious cycle
suggests a new pathogenic mechanism for antibodies encompassing features of types 2 and 3 of hypersensitive immune reactions in accordance
with the classification of Coombs and Gell by involving microbiota (coloured oval area). (Adapted according to [62])
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[136, 137]. A possible involvement of the microbiota in
PSC could also be supported by the identification of a
genetic polymorphism linked with PSC as well as CD
that generated a dysfunctional fucusyltransferase-2
(FUT2) [138, 139]. These FUT2 variants appear to
affect carbohydrate metabolism in the gut and conse-
quently influence the microbiome. In this context, a
reduced diversity particularly in the Firmicutes and
Bacteriodetes phyla has been found in IBD [140-144].
A diminished content of the firmicute Faecalibacterium
prausnitzii was linked with an elevated risk of postop-
erative recurrence of ileal CD [145]. Butyrate produc-
ing bacteria seem to have an anti-inflammatory effect
in CD. In PSC, clinical trials demonstrated a beneficial
effect of antibiosis on liver enzyme levels [146]. The
aetiology of PSC does not appear to be associated with
specific changes in biliary microbial communities [136].
However, the genus Streptococcus is considered to play
a putative role in the progression of PSC.

Finally, an elevated secretion and re-absorption of
secretory IgA was reported in patients with PSC [52].
The majority of GP2 IgA in the serum of CD patients
bears a secretory piece [101]. This indicates that this
particular GP2 IgA was secreted onto mucosal surfaces
and later re-adsorbed. Indeed, GP2 IgA was detected
in faeces of patients with CD-like inflammation which
supports the active secretion of GP2 IgA into the intes-
tinal lumen in such conditions [79, 130].

Hence, it is tempting to speculate that GP2 as micro-
biota-sensing receptor and the ensuing mucosal loss
of tolerance are not only involved in the pathophysi-
ology of CD, but also in that of PSC (Fig. 1). It would
provide the basis for a new pathogenic mechanism of
antibody reaction which encompasses features of sec-
ond and third types of Coombs and Gell classification
of hypersensitive immune responses but requires the
involvement of the microbiota [147]. The reports of ele-
vated GP2 IgA in patients with active celiac disease and
particularly refractory variants thereof further support
such assumption [73-75].

In CD, GP2 IgA aside from GP2 IgG has been linked
with fibrotic changes in several studies whereas only
GP2 IgA was associated with severity in PSC (Table 1).
Concentric fibrosis of the intra- and extrahepatic bile
tracts is the pathophysiological hallmark of PSC. In
spite of the impressive number of clinical studies on the
link of GP2 autoAbs with fibrosis, it remains to be dem-
onstrated if the autoimmune hypothesis on the induc-
tion or perpetuation of mucosal inflammation in PSC
and CD holds true.

The close association of GP2 IgA with tumorigenesis
in PSC is another intriguing point regarding a puta-
tive pathophysiological role of GP2 IgA. The two main
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precursor lesions of cholangiocarcinoma are biliary
intraepithelial neoplasia and intraductal papillary neo-
plasm of the bile duct [148].

In general, the intestinal mucosa harbours the largest
population of immunoglobulin-secreting plasma cells
in humans, shedding daily several grams of IgA. This
exceeds the production of all other immunoglobulin sub-
types in the human body [149]. IgA-positive plasma cells
have been shown to secret immunosuppressive inter-
leukins (IL) such as IL10 and programmed cell death 1
ligand (PD1L) [150]. Plasma cells in the biliary mucosa
have been considered as the likely source of most of
the locally synthesized IgA that is secreted into human
hepatic bile [151]. Remarkably, non-alcoholic fatty liver
disease in mice and humans is linked with the accumu-
lation of liver-resident IgA-secreting cells which express
PD-L1 and IL10 [150]. These cells can directly suppress
liver cytotoxic CD8+ T lymphocytes and, thus, foster
the occurrence of hepatocellular carcinoma. A simi-
lar scenario could be assumed for neoplastic changes in
PSC with autoreactive IgA positive plasma cells as a key
player.

Thus, in terms of a putative pathogenic role of the
mucosal loss of tolerance to GP2 in PSC, the above men-
tioned findings give rise to the following questions:

1. Does secretory GP2 IgA enhance the up-take of
pathogenic microbes which in turn further trigger
the generation of plasma cells secreting IgA autoAbs?

2. Is GP2 secreted into the bile by exocrine glands?

3. Is there a specific microbe in the bile which can inter-
act with GP2?

4. Are GP2 IgA-positive plasma cells abundant in the
biliary mucosa in patients with PSC?

5. Do GP2 IgA-positive plasma cells have an immu-
nosuppressive phenotype fostering neoplasia and
impacting the immune surveillance of tumor cells?

Summary

The putative pathogenic role of PSC-specific (auto)
Abs has not yet been addressed by appropriate studies.
There is an urgent need to shed a light on the yet unre-
solved pathophysiological role of autoimmunity in PSC,
associated IBD and finally carcinogenesis to provide
more effective diagnostic and therapeutic strategies.
We assume that mucosal autoimmunity to GP2 could
be a promising candidate to demonstrate active involve-
ment of autoimmune responses based on an intestinal
or biliary dysbiosis in the pathophysiology of PSC. Gly-
coprotein 2 appears to be a unique autoantigenic target
in PSC. Thus, GP2 has been shown (i) to be discharged
by mucus glands into the digestive tract, (ii) to interact
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Table 1 Clinical studies demonstrating an association of IgG and IgA to glycoprotein 2 (GP2) with fibrosis as well
as disease severity in Crohn’s disease (CD), ulcerative colitis (UC) with ileal pouch anal anastomosis (IPAA) and primary
sclerosing cholangitis (PSC)

lliness Study design Number of patients Assay technique GP2 Associations with clinical ~ Reference, year
autoantibody phenotype
isotype

[@D) Retrospective 169 ELISA I9G A1,B2/PD, B3(—), L2(—), L3 Bogdanos et al. 2012 [69]
IgA L2(=)
IgG/IgA A1, B2/PD, B3(—), L2(—), L3

UC with IPAA  Retrospective 26 ELISA [e1€] CD of the pouch Werner et al. 2013 [79]
IgA CD of the pouch
IgG/IgA ND

@] Retrospective 303 ELISA [s]€] B2, NS Rieder et al. 2013 [152]
IgA B2, NS
IgG/IgA ND

(@] Retrospective 86 ELISA 19G B2/B3 Kohoutova et al. 2014 [153]
IgA B2/B3, B3

(@] Retrospective 323 ELISA [s]€] DD, L2(—), L3 Pavlidis et al. 2014 [68]
IgA Al
IgG/IgA A3(—),B2,B1(—), DD, L3

(@] Retrospective 224 IFA [e]€] ND Michaelis et al. 2015 [77]
IgA ND
IgG/IgA B2,DD, L2(-)

cb Prospective 271 ELISA [eI€] B2/B3, NS Papp et al. 2015 [52]
IgA B2/B3, NS
IgG/IgA B2/B3, NS

IFA I9G L1

IgA B3, L1
IgG/IgA -

D Retrospective 212 IFA [e]€] A1,B2,L2(—) Pavlidis et al. 2016 [76]
IgA -
IgG/IgA -

(@] Retrospective 303 ELISA [s€] NS, stenosis Degenhardt et al. 2016 [65]
IgA NS, stenosis
IgG/IgA ND

D Retrospective 164 ELISA [e1€ B2/3, NS Rober et al. 2017 [103]
IgA B2/3,NS, PD
IgG/IgA ND

PSC Prospective 218(138,180) IFA [el€ - Jendrek et al. 2017 [87]
IgA Poor survival, CCA
IgG/IgA ND

cD Retrospective 171 ELISA [el€ A3(—), B3,PD Zhang et al. 2018 [61]
IgA L1,L3(-),B3
I9G/IgA A3(—), L1, B3, PD

UC with IPAA  Prospective 177 ELISA IgG CD of the pouch Cummings et al. 2018 [80]
IgA CD of the pouch
IgG/IgA ND

PSC Retrospective 212 (23,30,83,76) IFA [¢]€] - Sowa et al. 2018 [104]
IgA Cirrhosis
IgG/IgA -

PSC Prospective 65 [FA [¢]€] - Tornai et al. 2018 [101]
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Table 1 (continued)
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lliness Study design Number of patients Assay technique GP2 Associations with clinical ~ Reference, year
autoantibody phenotype
isotype
IgA Predictor of shorter
transplant-free survival
IgG/IgA -
PSC Prospective 338 ELISA [e1€] - Wunsch et al. 2019 (13th
Dresden Symposium on
Autoantibodies, Septem-
ber 2019)
IgA Predictor of shorter
transplant-free survival
and CCA
IgG/IgA -

Montreal classification of CD in accordance to age, A1: <17 years, A2: 17-40 years, A3: > 40 years, behaviour of disease, B1: non-stricturing/non-penetrating, B2:
stricturing, B3: penetrating, location of disease, L1: ileal, L2: colonic, L3: ileocolonic, L4 upper gastrointestinal tract

(—), significantly negative association; CCA, cholangiocarcinoma; DD, disease duration; ND, not determined; PD, perianal disease; NS, need for resective surgery

with microbiota by binding FimH-positive microbes, (iii)
to be expressed as specific receptor on M cells of the FAE
and (iv) to be an immunomodulating factor of innate and
acquired immune responses. Consequently, the mucosal
loss of tolerance to GP2 in form of GP2 IgA is a potential
pathognomonic marker of PSC with predictive value that
may improve the diagnosis and prognosis of the illness.

Abbreviations

Abs: Antibodies; autoAbs: Autoantibodies; ANCA: Anti-neutrophil cytoplasmic
antibodies; ASCA: Anti-Saccharomyces cerevisiae antibodies; AIH: Autoimmune
hepatitis; CCA: Cholangiocarcinoma; CeD: Celiac disease; CD: Crohn's disease;
CUZD1: Complement subcomponents; C1r/Cls: Sea urchin Uegf protein,
bone morphogenetic protein-1, zona pellucida-like domain-containing
protein 1; ELISA: Enzyme-linked immunosorbent assay; FAE: Follicle-associated
epithelium; GP2: Zymogen granule membrane glycoprotein 2; GPA: Granu-
lomatosis with polyangiitis; GPI: Glycosylphosphatidylinositol; IBD: Inflamma-
tory bowel disease; IFA: Immunofluorescence assay; IPAA: lleal pouch anal
anastomosis; MALT: Mucosa-associated lymphoid tissue; M cell: Microfold cell;
PAb: Pancreatic autoantibodies; PBC: Primary biliary cholangitis; p-ANNA: Peri-
nuclear antineutrophil nuclear antibodies; PP: Peyer’s patches; PR3: Proteinase
3; PSC: Primary sclerosing cholangitis; UC: Ulcerative colitis.

Authors’ contributions
All authors were major contributors in writing the manuscript. All authors read
and approved the final manuscript.

Funding

MP was supported by the Janos Bolyai Research Scholarship of the Hungarian
Academy of Sciences (80/00232/17/5) and UNKP-19-4 New National Excel-
lence Program of the Ministry for Innovation and Technology.

Competing interests

SL and DR are employees of Medipan GmbH. DR are a shareholder of GA
Generic Assays GmbH and Medipan GmbH. Both companies are diagnostic
manufacturers. All other authors declare that they have no competing finan-
cial interests.

Author details

! Medipan GmbH, Dahlewitz, Germany. 2 Department of Medicine Il, Saarland
University Hospital, Saarland University, Homburg/Saar, Germany. > Liver

and Internal Medicine Unit, Medical University of Warsaw, Warsaw, Poland.

“ Division of Gastroenterology, Department of Internal Medicine, Faculty

of Medicine, University of Debrecen, Debrecen, Hungary. % Institute of Biotech-
nology, Faculty Environment and Natural Sciences, Brandenburg University
of Technology Cottbus-Senftenberg, Senftenberg, Germany. ® Department
of Laboratory Medicine, Peking University People’s Hospital, Beijing, China.
7 Translational Medicine Group, Pomeranian Medical University, Szczecin,
Poland. & Institute of Immunology, Technical University Dresden, Dresden,
Germany. ° Faculty of Health Sciences, Joint Faculty of the Brandenburg
University of Technology Cottbus-Senftenberg, the Brandenburg Medical
School Theodor Fontane and the University of Potsdam, Universitdtsplatz 1,
01968 Senftenberg, Germany.

Received: 15 January 2020 Accepted: 6 March 2020
Published online: 16 March 2020

References

1. KarlsenTH, Folseraas T, Thorburn D, et al. Primary sclerosing cholangi-
tis—a comprehensive review. J Hepatol. 2017,67(6):1298-323. https://
doi.org/10.1016/jjhep.2017.07.022.

2. Weismuller TJ, Trivedi PJ, Bergquist A, et al. Patient age, sex, and inflam-
matory bowel disease phenotype associate with course of primary
sclerosing cholangitis. Gastroenterology. 2017;152(8):1975-1984.e8.
https://doi.org/10.1053/j.gastro.2017.02.038.

3. Weismdiller TJ, Wedemeyer J, Kubicka S, Strassburg CP, Manns MP. The
challenges in primary sclerosing cholangitis—aetiopathogenesis, auto-
immunity, management and malignancy. J Hepatol. 2008;48:38-57.

4. Dyson JK, Beuers U, Jones DEJ, et al. Primary sclerosing cholangitis.
Lancet. 2018;391(10139):2547-59. https://doi.org/10.1016/50140
-6736(18)30300-3.

5. Weismdiller TJ, Wedemeyer J, Kubicka S, Strassburg CP, Manns MP. The
challenges in primary sclerosing cholangitis—aetiopathogenesis, auto-
immunity, management and malignancy. J Hepatol. 2008;48:538-57.

6. Hoogstraten HJF, Vleggaar FP, Boland GJ, et al. Budesonide or pred-
nisone in combination with ursodeoxycholic acid in primary sclerosing
cholangitis: a randomized double-blind pilot study. Am J Gastroenterol.
2000;95(8):2015-22. https://doi.org/10.1111/}.1572-0241.2000.02267 X.

7. Boberg KM, Fausa O, Haaland T, Holter E, Mellbye OJ, Spurkland A,
Schrumpf E. Features of autoimmune hepatitis in primary sclerosing
cholangitis: an evaluation of 114 primary sclerosing cholangitis patients
according to a scoring system for the diagnosis of autoimmune hepati-
tis. Hepatology. 1996;23(6):1369-76.

8. Worthington J, Cullen S, Chapman R. Immunopathogenesis of
primary sclerosing cholangitis. CRIAI. 2005;28(2):93-104. https://doi.
0rg/10.1385/CRIAI:28:2:093.


https://doi.org/10.1016/j.jhep.2017.07.022
https://doi.org/10.1016/j.jhep.2017.07.022
https://doi.org/10.1053/j.gastro.2017.02.038
https://doi.org/10.1016/S0140-6736(18)30300-3
https://doi.org/10.1016/S0140-6736(18)30300-3
https://doi.org/10.1111/j.1572-0241.2000.02267.x
https://doi.org/10.1385/CRIAI:28:2:093
https://doi.org/10.1385/CRIAI:28:2:093

Lopens et al. Autoimmun Highlights

20.

22.

23.

24.

25.
26.

27.

28.

(2020) 11:6

Adam L, Zoldan K, Hofmann M, et al. Follicular T helper cell signatures in
primary biliary cholangitis and primary sclerosing cholangitis. Hepatol
Commun. 2018;2(9):1051-63. https://doi.org/10.1002/hep4.1226.
Webb GJ, Hirschfield GM. Using GWAS to identify genetic predisposi-
tion in hepatic autoimmunity. J Autoimmun. 2016;66:25-39. https://doi.
0rg/10.1016/}jaut.2015.08.016.

Salmi M, Jalkanen S. Endothelial ligands and homing of mucosal
leukocytes in extraintestinal manifestations of IBD. Inflamm Bowel Dis.
1998;4(2):149-56.

Grant AJ, Lalor PF, Hibscher SG, Briskin M, Adams DH. MAdCAM-1
expressed in chronic inflammatory liver disease supports mucosal
lymphocyte adhesion to hepatic endothelium (MAACAM-1 in chronic
inflammatory liver disease). Hepatology. 2001;33(5):1065-72. https://
doi.org/10.1053/jhep.2001.24231.

Baumgart DC, Sandborn WJ. Crohn'’s disease. Lancet.
2012;380(9853):1590-605. https://doi.org/10.1016/50140
-6736(12)60026-9.

Ordas |, Eckmann L, Talamini M, et al. Ulcerative colitis. Lancet.
2012;380(9853):1606-19. https://doi.org/10.1016/50140-6736(12)60150
-0.

Watt FE, James OFW, Jones DEJ. Patterns of autoimmunity in primary
biliary cirrhosis patients and their families: a population-based cohort
study. QJM. 2004;97(7):397-406. https://doi.org/10.1093/gjmed/hch07
8.

Laass MW, Roggenbuck D, Conrad K. Diagnosis and classification of
Crohn's disease. Autoimmun Rev. 2014;13(4-5):467-71. https://doi.
org/10.1016/j.autrev.2014.01.029.

Conrad K, Roggenbuck D, Laass MW. Diagnosis and classification of
ulcerative colitis. Autoimmun Rev. 2014;13(4-5):463-6. https://doi.
org/10.1016/j.autrev.2014.01.028.

Shivananda S, Lennard-Jones J, Logan R, Fear N, Price A, Carpenter

L, et al. Incidence of inflammatory bowel disease across Europe: is
there a difference between north and south? Results of the European
collaborative study on inflammatory bowel disease (EC-IBD). Gut.
1996;39:690-7.

Logan |, Bowlus CL. The geoepidemiology of autoimmune intestinal
diseases. Autoimmun Rev. 2010;9(5):A372-8. https://doi.org/10.1016/j.
autrev.2009.11.008.

Ng SC, Shi HY, Hamidi N, Underwood FE, Tang W, Benchimol El, Panac-
cione R, Ghosh S, Wu JCY, Chan FKL, Sung JJY, Kaplan GG. Worldwide
incidence and prevalence of inflammatory bowel disease in the 21st
century: a systematic review of population-based studies. Lancet.
2017;390(10114):2769-78.

Molodecky NA, Soon IS, Rabi DM, et al. Increasing incidence and
prevalence of the inflammatory bowel diseases with time, based on
systematic review. Gastroenterology. 2012;142(1):46-54.e42. https://doi.
org/10.1053/j.gastro.2011.10.001.

Karlsen T, Kaser A. Deciphering the genetic predisposition to primary
sclerosing cholangitis. Semin Liver Dis. 2011;31(02):188-207. https://doi.
0rg/10.1055/5-0031-1276647.

Joshi D, Bjarnason |, Belgaumkar A, et al. The impact of inflamma-

tory bowel disease post-liver transplantation for primary scleros-

ing cholangitis. Liver Int. 2013;33(1):53-61. https://doi.org/10.111
1/).1478-3231.2011.02677 x.

Gerlach UA, Vrakas G, Reddy S, et al. Chronic intestinal failure after crohn
disease. JAMA Surg. 2014;149(10):1060. https://doi.org/10.1001/jamas
urg.2014.1072.

Beaugerie LISH. Cancers complicating inflammatory bowel disease. N
Engl J Med. 2015;373(2):194-5. https://doi.org/10.1056/NEJMc1505689.
Eaden JA. The risk of colorectal cancer in ulcerative colitis: a meta-
analysis. Gut. 2001;48(4):526-35. https://doi.org/10.1136/gut.48.4.526.
Jess T, Gamborg M, Matzen P, et al. Increased risk of intestinal cancer

in Crohn'’s disease: a meta-analysis of population-based cohort stud-
ies. Am J Gastroenterol. 2005;100(12):2724-9. https://doi.org/10.111
1/j.1572-0241.2005.00287 x.

Ji S-G, Juran BD, Mucha S, Folseraas T, Jostins L, Melum E, Kumasaka N,
Atkinson EJ, Schlicht EM, Liu JZ, Shah T, Gutierrez-Achury J, Boberg KM,
Bergquist A, Vermeire S, Eksteen B, Durie PR, Farkkila M, Muller T, Sch-
ramm C, Sterneck M, Weismdiller TJ, Gotthardt DN, Ellinghaus D, Braun F,
Teufel A, Laudes M, Lieb W, Jacobs G, Beuers U, Weersma RK, Wijmenga
C, Marschall H-U, Milkiewicz P, Pares A, Kontula K, Chazouilléres O,

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Page 11 of 14

Invernizzi P, Goode E, Spiess K, Moore C, Sambrook J, Ouwehand WH,
Roberts DJ, Danesh J, Floreani A, Gulamhusein AF, Eaton JE, Schreiber
S, Coltescu C, Bowlus CL, Luketic VA, Odin JA, Chopra KB, Kowdley KV,
Chalasani N, Manns MP, Srivastava B, Mells G, Sandford RN, Alexander G,
Gaffney DJ, Chapman RW, Hirschfield GM, de Andrade M, The UK-PSC
Consortium, The International IBD Genetics Consortium, The Interna-
tional PSC Study Group, Rushbrook SM, Franke A, Karlsen TH, Lazaridis
KN. Genome-wide association study of primary sclerosing cholangitis
identifies new risk loci and quantifies the genetic relationship with
inflammatory bowel disease. Nat Genet. 2017;49(2):269-73.

Franke A, McGovern DPB, Barrett JC, et al. Genome-wide meta-analysis
increases to 71 the number of confirmed Crohn’s disease susceptibility
loci. Nat Genet. 2010;42(12):1118-25. https://doi.org/10.1038/ng.717.
Jostins L, Ripke S, Weersma RK, et al. Host-microbe interactions have
shaped the genetic architecture of inflammatory bowel disease. Nature.
2012;491(7422):119-24. https://doi.org/10.1038/nature11582.

Angulo P, Peter JB, Gershwin ME, et al. Serum autoantibodies in patients
with primary sclerosing cholangitis. J Hepatol. 2000;32(2):182-7. https
://doi.org/10.1016/50168-8278(00)80061-6.

Perlmann P, Broberger O. In vitro studies of ulcerative colitis: cytotoxic
action of white blood cells from patients on human fetal colon cells. J
Exp Med. 1963;117(5):717-33.

Perlmann P, Broberger O. Demonstration of an epithelial antigen in
colon by means of fluorescent antibodies from children with ulcerative
colitis. J Exp Med. 1962;115:13-26.

Broberger O, Perlmann P. Autoantibodies in human ulcerative colitis. J
Exp Med. 1959;110:657-74.

Snook JA, Chapman RW, Fleming K; et al. Anti-neutrophil nuclear
antibody in ulcerative colitis, Crohn's disease and primary sclerosing
cholangitis. Clin Exp Immunol. 1989;76:30-3.

Nielsen H, Wiik A, ElImgreen J. Granulocyte specific antinuclear
antibodies in ulcerative colitis. Aid in differential diagnosis of inflam-
matory bowel disease. Acta Pathol Microbiol Immunol Scand C.
1983;91(1):23-6.

Chapman RW, Cottone M, Selby WS, Shepherd HA, Sherlock S, Jewell
DP. Serumautoantibodies, ulcerativecolitisandprimarysclerosingcholan-
gitis. Gut. 1986,27:86-91.

Walker JE. Possible diagnostic test for Crohn's disease by use of buccal
mucosa. Lancet. 1978;2(8093):759-60.

Stocker W, Otte M, Ulrich S, et al. Autoantikoper gegen exokrines
Pankreas und gegen intestinale Becherzellen in der Diagnostik des
Morbus Crohn und der Colitis ulcerosa. Dtsch Med Wochenschr.
1984;109:1963-9.

Stocker W, Otte M, Ulrich S, et al. Autoimmunity to pancreatic juice

in Crohn'’s disease Results of an autoantibody screening in patients
with chronic inflammatory bowel disease. Scand J Gastroenterol.
1987;139:41-52.

Goischke EM, Zilly W. Klinische Bedeutung organspezifischer
Antikorper bei Colitis ulcerosa und Morbus Crohn. Z Gastroenterol.
1992;30:319-24.

Barthet M, Hastier P, Bernard JP, et al. Chronic pancreatitis and inflam-
matory bowel disease: true or coincidental association? Am J Gastroen-
terol. 1999,94:2141-8.

Spiess SE, Braun M, Vogelsang RL, et al. Crohn’s disease of the duode-
num complicated by pancreatitis and common bile duct obstruction.
Am J Gastroenterol. 1992:87:1033-6.

Klebl FH, Bataille F, Huy C, et al. Association of antibodies to exocrine
pancreas with subtypes of Crohn’s disease. Eur J Gastroenterol Hepatol.
2005;17(1):73-7. https://doi.org/10.1097/00042737-200501000-00015.
Roggenbuck D, Bogdanos D, Conrad K. Loss of tolerance to one or two
major targets in Crohn’s disease or just cross-reactivity? J Crohns Colitis.
2013;7(7):e273-4. https://doi.org/10.1016/j.crohns.2012.12.013.

Xu B, Broome U, Ericzon B-G, et al. High frequency of autoantibodies in
patients with primary sclerosing cholangitis that bind biliary epithelial
cells and induce expression of CD44 and production of interleukin 6.
Gut. 2002;51(1):120-7. https://doi.org/10.1136/gut.51.1.120.

Terjung B, Spengler U, Sauerbruch T, et al. “Atypical p-ANCA"in IBD and
hepatobiliary disorders react with a 50-kilodalton nuclear envelope
protein of neutrophils and myeloid cell lines. Gastroenterology.
2000;119(2):310-22. https://doi.org/10.1053/gast.2000.9366.


https://doi.org/10.1002/hep4.1226
https://doi.org/10.1016/j.jaut.2015.08.016
https://doi.org/10.1016/j.jaut.2015.08.016
https://doi.org/10.1053/jhep.2001.24231
https://doi.org/10.1053/jhep.2001.24231
https://doi.org/10.1016/S0140-6736(12)60026-9
https://doi.org/10.1016/S0140-6736(12)60026-9
https://doi.org/10.1016/S0140-6736(12)60150-0
https://doi.org/10.1016/S0140-6736(12)60150-0
https://doi.org/10.1093/qjmed/hch078
https://doi.org/10.1093/qjmed/hch078
https://doi.org/10.1016/j.autrev.2014.01.029
https://doi.org/10.1016/j.autrev.2014.01.029
https://doi.org/10.1016/j.autrev.2014.01.028
https://doi.org/10.1016/j.autrev.2014.01.028
https://doi.org/10.1016/j.autrev.2009.11.008
https://doi.org/10.1016/j.autrev.2009.11.008
https://doi.org/10.1053/j.gastro.2011.10.001
https://doi.org/10.1053/j.gastro.2011.10.001
https://doi.org/10.1055/s-0031-1276647
https://doi.org/10.1055/s-0031-1276647
https://doi.org/10.1111/j.1478-3231.2011.02677.x
https://doi.org/10.1111/j.1478-3231.2011.02677.x
https://doi.org/10.1001/jamasurg.2014.1072
https://doi.org/10.1001/jamasurg.2014.1072
https://doi.org/10.1056/NEJMc1505689
https://doi.org/10.1136/gut.48.4.526
https://doi.org/10.1111/j.1572-0241.2005.00287.x
https://doi.org/10.1111/j.1572-0241.2005.00287.x
https://doi.org/10.1038/ng.717
https://doi.org/10.1038/nature11582
https://doi.org/10.1016/S0168-8278(00)80061-6
https://doi.org/10.1016/S0168-8278(00)80061-6
https://doi.org/10.1097/00042737-200501000-00015
https://doi.org/10.1016/j.crohns.2012.12.013
https://doi.org/10.1136/gut.51.1.120
https://doi.org/10.1053/gast.2000.9366

Lopens et al. Autoimmun Highlights

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

(2020) 11:6

Terjung B, Spengler U. Role of auto-antibodies for the diagnosis of
chronic cholestatic liver diseases. CRIAIL 2005;28(2):115-34. https://doi.
org/10.1385/CRIAI28:2:115.

Mulder AH, Horst G, Haagsma EB, Limburg PC, Kleibeuker JH, Kallen-
berg CG. Prevalence and characterization of neutrophil cytoplasmic
antibodies in autoimmune liver diseases. Hepatology. 1992;17(3):411-7.
Terjung B, Worman HJ. Anti-neutrophil antibodies in primary sclerosing
cholangitis. Best Pract Res Clin Gastroenterol. 2001;15(4):629-42. https
://doi.org/10.1053/bega.2001.0209.

Roggenbuck D, Reinhold D, Schierack P, et al. Crohn'’s disease specific
pancreatic antibodies: clinical and pathophysiological challenges. Clin
Chem Lab Med. 2014;52:483-94.

Papp M, Sipeki N, TornaiT, et al. Rediscovery of the anti-pancreatic
antibodies and evaluation of their prognostic value in a prospective
clinical cohort of crohn’s patients: the importance of specific target
antigens GP2 and CUZD1. J Crohns Colitis. 2015;9(8):659-68. https://
doi.org/10.1093/ecco-jcc/jjv087.

Seibold F, Weber P, Jenss H, et al. Antibodies to a trypsin sensitive pan-
creatic antigen in chronic inflammatory bowel disease: specific markers
for a subgroup of patients with Crohn'’s disease. Gut. 1991,32:1192-7.
Fricke H, Birkhofer A, Folwaczny C, et al. Characterization of antigens
from the human exocrine pancreatic tissue (Pag) relevant as target
antigens for autoantibodies in Crohn's disease. Eur J Clin Invest.
1999;29:41-5.

Koutsoumpas A, Polymeros D, Tsiamoulos Z, et al. Peculiar antibody
reactivity to human connexin 37 and its microbial mimics in patients
with Crohn'’s disease. J Crohns Colitis. 2011;5(2):101-9. https://doi.
0rg/10.1016/j.crohns.2010.10.009.

Vermeulen N, de Béeck KO, Vermeire S, et al. Identification of a novel
autoantigen in inflammatory bowel disease by protein microarray.
Inflamm Bowel Dis. 2011;17(6):1291-300. https://doi.org/10.1002/
ibd.21508.

Saito H, Fukuda'Y, Katsuragi K, Tanaka M, Satomi M, Shimoyama T, Saito
T, Tachikawa T. Isolation of peptides useful for differential diagnosis of
Crohn's disease and ulcerative colitis. Gut. 2003;52(4):535-40.
Roggenbuck D, Hausdorf G, Martinez-Gamboa L, et al. Identifica-

tion of GP2, the major zymogen granule membrane glycoprotein,

as the autoantigen of pancreatic antibodies in Crohn'’s disease. Gut.
2009;58:1620-8.

Komorowski L, Teegen B, Probst C, et al. Autoantibodies against
exocrine pancreas in Crohn's disease are directed against two antigens:
the glycoproteins CUZD1 and GP2. J Crohns Colitis. 2013;7(10):780-90.
https://doi.org/10.1016/j.crohns.2012.10.011.

Seibold F, Mérk H, Tanza S, et al. Pancreatic autoantibodies in Crohn's
disease: a family study. Gut. 1997;40:481-4.

Joossens S, Vermeire S, van Steen K, et al. Pancreatic autoantibodies in
inflammatory bowel disease. Inflamm Bowel Dis. 2004;10:771-7.
Roggenbuck D, Reinhold D, Werner L, et al. Glycoprotein 2 antibod-
ies in Crohn’s disease. Adv Clin Chem. 2013;60:187-208. https://doi.
0rg/10.1016/b978-0-12-407681-5.00006-4.

Bogdanos DP, Rigopoulou El, Smyk DS, et al. Diagnostic value, clinical
utility and pathogenic significance of reactivity to the molecular targets
of Crohn'’s disease specific-pancreatic autoantibodies. Autoimmun Rev.
2011;11(2):143-8. https://doi.org/10.1016/j.autrev.2011.09.004.
Roggenbuck D, Reinhold D, Baumgart DC, et al. Autoimmunity

in crohn'’s disease—a putative stratification factor of the clinical
phenotype. Adv Clin Chem. 2016;77:77-101. https://doi.org/10.1016/
bs.acc.2016.06.002.

Deng C, LiW, Li J, et al. Diagnostic value of the antiglycoprotein-2 anti-
body for Crohn’s disease: a PRISMA-compliant systematic review and
meta-analysis. BMJ Open. 2017;7(6):e014843. https://doi.org/10.1136/
bmjopen-2016-014843.

Gkiouras K, Grammatikopoulou MG, Theodoridis X, et al. Diagnostic
and clinical significance of antigen-specific pancreatic antibodies in
inflammatory bowel diseases: a meta-analysis. World J Gastroenterol.
2020;26(2):246-65. https://doi.org/10.3748/wjg.v26.i2.246.

Zhang S, Luo J,Wu Z, et al. Antibodies against glycoprotein 2 display
diagnostic advantages over ASCA in distinguishing CD from intestinal
tuberculosis and intestinal Behget's disease. Clin Transl Gastroenterol.
2018;9(2):e133. https://doi.org/10.1038/ctg.2018.1.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Page 12 of 14

Pavlidis P, Shums Z, Koutsoumpas AL, et al. Diagnostic and clinical
significance of Crohn's disease-specific anti-MZGP2 pancreatic antibod-
ies by a novel ELISA. Clin Chim Acta. 2014;441:176-81. https://doi.
0rg/10.1016/j.cca.2014.12.010.

Bogdanos DP, Roggenbuck D, Reinhold D, et al. Pancreatic-specific
autoantibodies to glycoprotein 2 mirror disease location and behav-
jour in younger patients with Crohns disease. BMC Gastroenterol.
2012;12:102.

Degenhardt F, Dirmeier A, Lopez R, et al. Serologic anti-GP2 antibod-
ies are associated with genetic polymorphisms, fibrostenosis, and
need for surgical resection in crohn’s disease. Inflamm Bowel Dis.
2016;22(11):2648-57. https://doi.org/10.1097/MIB.0000000000000936.
Weiser M, Simon JM, Kochar B, et al. Molecular classification of Crohn's
disease reveals two clinically relevant subtypes. Gut. 2018;67(1):36-42.
https://doi.org/10.1136/gutjnl-2016-312518.

Cappello M, Morreale GC. The role of laboratory tests in crohn'’s disease.
Clin Med Insights Gastroenterol. 2016;9:51-62. https://doi.org/10.4137/
CGast.538203.

Laass MW, Réber N, Range U, et al. Loss and gain of tolerance to pan-
creatic glycoprotein 2 in celiac disease. PLoS ONE. 2015;10(6):e0128104.
https://doi.org/10.1371/journal.pone.0128104.

Roggenbuck D, Vermeire S, Hoffman |, et al. Evidence of Crohn'’s
disease-related anti-glycoprotein 2 antibodies in patients with

celiac disease. Clin Chem Lab Med. 2015;53(9):1349-57. https://doi.
org/10.1515/cclm-2014-0238.

Gross S, Bakker SF, van Bodegraven AA, et al. Increased IgA glycopro-
tein-2 specific antibody titres in refractory CD. J Gastrointest Liver Dis.
2014;23:1-7.

Pavlidis P, Komorowski L, Teegen B, et al. Diagnostic and clinical
significance of Crohn's disease-specific pancreatic anti-GP2 and anti-
CUZD1 antibodies. Clin Chem Lab Med. 2016;54(2):249-56. https://doi.
0rg/10.1515/cclm-2015-0376.

Michaels MA, Jendrek ST, Korf T, et al. Pancreatic autoantibodies against
CUZD1 and GP2 are associated with distinct clinical phenotypes of
crohn’s disease. Inflamm Bowel Dis. 2015;21(12):2864-72. https://doi.
org/10.1097/MIB.0000000000000564.

Farkona S, Soosaipillai A, Filippou P, et al. Novel immunoassays for
detection of CUZD1 autoantibodies in serum of patients with inflam-
matory bowel diseases. Clin Chem Lab Med. 2017;55(10):1574-81. https
///doi.org/10.1515/cclm-2016-1120.

Werner L, Sturm A, Roggenbuck D, et al. Antibodies against glyco-
protein 2 are novel markers of intestinal inflammation in patients

with an ileal pouch. J Crohns Colitis. 2013;7(11):e522-32. https://doi.
0rg/10.1016/j.crohns.2013.03.009.

Cummings D, Cruise M, Lopez R, et al. Loss of tolerance to glycoprotein
2 isoforms 1 and 4 is associated with Crohn's disease of the pouch. Ali-
ment Pharmacol Ther. 2018;48(11-12):1251-9. https;//doi.org/10.1111/
apt.15034.

Liaskos C, Spyrou V, Athanasiou LV, et al. Crohn'’s disease-specific anti-
CUZD1 pancreatic antibodies are absent in ruminants with paratuber-
culosis. Clin Res Hepatol Gastroenterol. 2015;39(3):384-90. https://doi.
0rg/10.1016/j.clinre.2014.12.001.

Liaskos C, Spyrou V, Roggenbuck D, et al. Crohn's disease-specific
pancreatic autoantibodies are specifically present in ruminants with
paratuberculosis: implications for the pathogenesis of the human dis-
ease. Autoimmunity. 2013;46(6):388-94. https://doi.org/10.3109/08916
934.2013.786047.

Liaskos C, Gkoutzourelas A, Spyrou V, et al. Pancreatic anti-GP2 and
anti-Saccharomyces cerevisiae antibodies in ruminants with paratuber-
culosis: a better understanding of the immunopathogenesis of Crohn’s
disease. Clin Res Hepatol Gastroenterol. 2020;20:30002-4. https://doi.
0rg/10.1016/j.clinre.2019.12.013.

Conrad K, Stocker W, editors. Anti-intestinal goblet cell antibodies.
Amsterdam: Elsevier; 2014.

Teegen B, Niemann S, Probst C, et al. DNA-bound lactoferrin is the
major target for antineutrophil perinuclear cytoplasmic antibodies in
ulcerative colitis. Ann N'Y Acad Sci. 2009;1173:161-5.

Kovacs G, Sipeki N, Suga B, et al. Significance of serological markers in
the disease course of ulcerative colitis in a prospective clinical cohort of
patients. PLoS ONE. 2018;13(3):e0194166. https://doi.org/10.1371/journ
al.pone.0194166.


https://doi.org/10.1385/CRIAI:28:2:115
https://doi.org/10.1385/CRIAI:28:2:115
https://doi.org/10.1053/bega.2001.0209
https://doi.org/10.1053/bega.2001.0209
https://doi.org/10.1093/ecco-jcc/jjv087
https://doi.org/10.1093/ecco-jcc/jjv087
https://doi.org/10.1016/j.crohns.2010.10.009
https://doi.org/10.1016/j.crohns.2010.10.009
https://doi.org/10.1002/ibd.21508
https://doi.org/10.1002/ibd.21508
https://doi.org/10.1016/j.crohns.2012.10.011
https://doi.org/10.1016/b978-0-12-407681-5.00006-4
https://doi.org/10.1016/b978-0-12-407681-5.00006-4
https://doi.org/10.1016/j.autrev.2011.09.004
https://doi.org/10.1016/bs.acc.2016.06.002
https://doi.org/10.1016/bs.acc.2016.06.002
https://doi.org/10.1136/bmjopen-2016-014843
https://doi.org/10.1136/bmjopen-2016-014843
https://doi.org/10.3748/wjg.v26.i2.246
https://doi.org/10.1038/ctg.2018.1
https://doi.org/10.1016/j.cca.2014.12.010
https://doi.org/10.1016/j.cca.2014.12.010
https://doi.org/10.1097/MIB.0000000000000936
https://doi.org/10.1136/gutjnl-2016-312518
https://doi.org/10.4137/CGast.S38203
https://doi.org/10.4137/CGast.S38203
https://doi.org/10.1371/journal.pone.0128104
https://doi.org/10.1515/cclm-2014-0238
https://doi.org/10.1515/cclm-2014-0238
https://doi.org/10.1515/cclm-2015-0376
https://doi.org/10.1515/cclm-2015-0376
https://doi.org/10.1097/MIB.0000000000000564
https://doi.org/10.1097/MIB.0000000000000564
https://doi.org/10.1515/cclm-2016-1120
https://doi.org/10.1515/cclm-2016-1120
https://doi.org/10.1016/j.crohns.2013.03.009
https://doi.org/10.1016/j.crohns.2013.03.009
https://doi.org/10.1111/apt.15034
https://doi.org/10.1111/apt.15034
https://doi.org/10.1016/j.clinre.2014.12.001
https://doi.org/10.1016/j.clinre.2014.12.001
https://doi.org/10.3109/08916934.2013.786047
https://doi.org/10.3109/08916934.2013.786047
https://doi.org/10.1016/j.clinre.2019.12.013
https://doi.org/10.1016/j.clinre.2019.12.013
https://doi.org/10.1371/journal.pone.0194166
https://doi.org/10.1371/journal.pone.0194166

Lopens et al. Autoimmun Highlights

87.

88.

89.

90.

91

92.

93.

94,

95.

96.

97.

98.

99.

100.

103.

104.

105.

(2020) 11:6

Biancone L, Wise LS, Das KM. The presence in experimental animals of
a colon specific Mr 40,000 protein(s) with relevance to ulcerative colitis.
Gut. 1991;32(5):504-8.

Mahler M, Bogdanos DP, Pavlidis P, et al. PR3-ANCA: a promising
biomarker for ulcerative colitis with extensive disease. Clin Chim Acta.
2013;424:267-73. https://doi.org/10.1016/j.cca.2013.06.005.

Horn MP, Peter AM, Righini Grunder F, et al. PR3-ANCA and panel
diagnostics in pediatric inflammatory bowel disease to distinguish
ulcerative colitis from Crohn's disease. PLoS ONE. 2018;13(12):20208974.
https://doi.org/10.1371/journal.pone.0208974.

Arias-Loste MT, Bonilla G, Moraleja |, et al. Presence of anti-proteinase

3 antineutrophil cytoplasmic antibodies (anti-PR3 ANCA) as serologic
markers in inflammatory bowel disease. Clin Rev Allergy Immunol.
2013;45(1):109-16. https://doi.org/10.1007/512016-012-8349-4.

Sowa M, Grossmann K, Knutter |, et al. Simultaneous automated screen-
ing and confirmatory testing for vasculitis-specific ANCA. PLoS ONE.
2014;9(9):2107743. https://doi.org/10.1371/journal.pone.0107743.
Bossuyt X, Cohen Tervaert J-W, Arimura Y, et al. Position paper: revised
2017 international consensus on testing of ANCASs in granulomatosis
with polyangiitis and microscopic polyangiitis. Nat Rev Rheumatol.
2017;13(11):683-92. https://doi.org/10.1038/nrrheum.2017.140.

Karrar A, Broomé U, Sodergren T, et al. Biliary epithelial cell antibod-

ies link adaptive and innate immune responses in primary scleros-

ing cholangitis. Gastroenterology. 2007;132(4):1504-14. https://doi.
org/10.1053/j.gastro.2007.01.039.

Terziroli Beretta-Piccoli B, Mieli-Vergani G, Vergani D. The clinical usage
and definition of autoantibodies in immune-mediated liver disease: a
comprehensive overview. J Autoimmun. 2018;95:144-58. https://doi.
org/10.1016/jjaut.2018.10.004.

Terjung B, S6hne J, Lechtenberg B, et al. p-ANCAs in autoimmune liver
disorders recognise human beta-tubulin isotype 5 and cross-react with
microbial protein FtsZ. Gut. 2010;59(6):808-16. https://doi.org/10.1136/
gut.2008.157818.

de Beéck KO, van den Bergh K, Vermeire S, et al. Immune reactiv-

ity to B-tubulin isotype 5 and vesicular integral-membrane protein

36 in patients with autoimmune gastrointestinal disorders. Gut.
2011;60(11):1601-2. https://doi.org/10.1136/gut.2010.222646.

Preuf3 BE, Berg CP, Werner C, et al. Sulphite oxidase (SO)—a mitochon-
drial autoantigen as target for humoral and cellular immune reactions
in primary sclerosing cholangitis. BMC Gastroenterol. 2018;18(1):58.
https://doi.org/10.1186/512876-018-0787-x.

Stinton LM, Bentow C, Mahler M, et al. PR3-ANCA: a promis-

ing biomarker in primary sclerosing cholangitis (PSC). PLoS ONE.
2014;,9(11):e112877. https://doi.org/10.1371/journal.pone.0112877.
Yamamoto T, Ryuzaki H, Kobayashi S, et al. Suspected hepatically local-
ized granulomatosis with polyangiitis. Intern Med. 2018;57(11):1583-90.
https://doi.org/10.2169/internalmedicine.9724-17.

Jendrek ST, Gotthardt D, Nitzsche T, et al. Anti-GP2 IgA autoantibodies
are associated with poor survival and cholangiocarcinoma in primary
sclerosing cholangitis. Gut. 2017;66(1):137-44. https://doi.org/10.1136/
gutjnl-2016-311739.

TornaiT, Tornai D, Sipeki N, et al. Loss of tolerance to gut immunity
protein, glycoprotein 2 (GP2) is associated with progressive disease
course in primary sclerosing cholangitis. Sci Rep. 2018;8(1):399. https://
doi.org/10.1038/541598-017-18622-1.

Roggenbuck D, Réber N, Bogdanos DP, et al. Autoreactivity to isoforms
of glycoprotein 2 in inflammatory bowel disease. Clin Chim Acta.
2015;442:82-3. https://doi.org/10.1016/j.cca.2015.01.018.

Réber N, No3 L, Goihl A, et al. Autoantibodies against glycoprotein

2 isoforms in pediatric patients with inflammatory bowel disease.
Inflamm Bowel Dis. 2017;23(9):1624-36. https://doi.org/10.1097/
MIB.0000000000001159.

Sowa M, Kolenda R, Baumgart DC, et al. Mucosal autoimmunity to
cell-bound GP2 isoforms is a sensitive marker in PSC and associated
with the clinical phenotype. Front Immunol. 2018;9:1959. https://doi.
0rg/10.3389/fimmu.2018.01959.

Kimura S, Nio-Kobayashi J, Kishimoto A, et al. The broad distribu-

tion of GP2 in mucous glands and secretory products. Biomed Res.
2016;37:351-8.

106.

107.

108.

109.

110.

111,

112.

113.

115.

116.

117.

119.

121.

122.

123.

124.

126.

Page 13 of 14

Liaskos C, Rigopoulou El, Orfanidou T, et al. CUZD1 and anti-CUZD1
antibodies as markers of cancer and inflammatory bowel diseases. Clin
Dev Immunol. 2013;2013:968041. https://doi.org/10.1155/2013/968041.
Ronzio RA, Kronquist KE, Lewis DS, et al. Glycoprotein synthesis in the
adult rat pancreas. IV. Subcellular distribution of membrane glycopro-
teins. Biochim Biophys Acta. 1978;508:65-84.

Havinga JR, Strous GJ, Poort C. Biosynthesis of the major glycoprotein
associated with zymogen-granule membranes in the pancreas. Eur J
Biochem. 1983;133:449-54.

LeBel D, Beattie M. The major protein of pancreatic zymogen granule
membranes (GP-2) is anchored via covalent bonds to phosphatidylino-
sitol. Biochem Biophys Res Commun. 1988;154:818-23.

Yu S, Michie SA, Lowe AW. Absence of the major zymogen granule
membrane protein, GP2, does not affect pancreatic morphology or
secretion. J Biol Chem. 2004;279(48):50274-9. https://doi.org/10.1074/
jbc.M410599200.

Schmidt K, Dartsch H, Linder D, Kern H-F, Kleene R. The submembra-
nous network of zymogen granules. J Cell Sci. 2000;113:2233-42.
ColomerV, Lal K, Hoops TC, Rindler MJ. Exocrine granule specific pack-
aging signals are present in the polypeptide moiety of the pancreatic
granule membrane protein GP2 and in amylase: implications for
protein targeting to secretory granules. EMBO J. 1994;13(16):3711-9.
Hase K, Kawano K, Nochi T, et al. Uptake through glycoprotein 2 of
FimH(+) bacteria by M cells initiates mucosal immune response.
Nature. 2009;462(7270):226-30. https://doi.org/10.1038/nature08529.
Terahara K, Yoshida M, Igarashi O, Nochi T, Pontes GS, Hase K, Ohno

H, Kurokawa S, Mejima M, Takayama N, Yuki Y, Lowe AW, Kiyono

H. Comprehensive gene expression profiling of Peyer's patch M

cells, villous M-like cells, and intestinal epithelial cells. J Immunol.
2008;180(12):7840-6.

Kobayashi N, Takahashi D, Takano S, et al. The roles of Peyer’s patches
and microfold cells in the gut immune system: relevance to autoim-
mune diseases. Front Immunol. 2019;10:2345. https://doi.org/10.3389/
fimmu.2019.02345.

Kimura S, Yamakami-Kimura M, Obata Y, et al. Visualization of the entire
differentiation process of murine M cells: suppression of their matura-
tion in cecal patches. Mucosal Immunol. 2015;8(3):650-60. https://doi.
0rg/10.1038/mi.2014.99.

Kanaya T, Hase K, Takahashi D, et al. The Ets transcription factor Spi-B is
essential for the differentiation of intestinal microfold cells. Nat Immu-
nol. 2012;13(8):729-36. https://doi.org/10.1038/ni.2352.

Gullberg E, Séderholm JD. Peyer's patches and M cells as potential
sites of the inflammatory onset in Crohn’s disease. Ann N'Y Acad Sci.
2006;1072:218-32. https://doi.org/10.1196/annals.1326.028.

Olaison G, Smedh K, Sjodahl R. Recurrence of Crohn’s disease in the
neo-terminal ileum and colonic factors. Lancet. 1991;338(8779):1401.
https://doi.org/10.1016/0140-6736(91)92282-7.

van Kruiningen HJ, West AB, Freda BJ, et al. Distribution of Peyer’s
patches in the distal ileum. Inflamm Bowel Dis. 2002;8(3):180-5. https://
doi.org/10.1097/00054725-200205000-00004.

Garcia Rodriguez LA, Ruigémez A, Panés J. Acute gastroenteritis is
followed by an increased risk of inflammatory bowel disease. Gas-
troenterology. 2006;130(6):1588-94. https://doi.org/10.1053/j.gastr
0.2006.02.004.

Werner L, Paclik D, Fritz C, et al. Identification of pancreatic glycopro-
tein 2 as an endogenous immunomodulator of innate and adaptive
immune responses. J Immunol. 2012;189(6):2774-83. https://doi.
0rg/10.4049/jimmunol.1103190.

Schierack P, Rédiger S, Kolenda R, et al. Species-specific and pathotype-
specific binding of bacteria to zymogen granule membrane glyco-
protein 2 (GP2). Gut. 2015;64(3):517-9. https://doi.org/10.1136/gutjn
[-2014-307854.

Yu S, Lowe AW. The pancreatic zymogen granule membrane protein,
GP2, binds Escherichia coli Type 1 fimbriae. BMC Gastroenterol.
2009;9:58. https://doi.org/10.1186/1471-230X-9-58.

Ohno H, Hase K. Glycoprotein 2 (GP2): grabbing the FimH bacteria into
M cells for mucosal immunity. Gut Microbes. 2010;1(6):407-10. https://
doi.org/104161/gmic.1.6.14078.

Holzl MA, Hofer J, Kovarik JJ, et al. The zymogen granule protein 2 (GP2)
binds to scavenger receptor expressed on endothelial cells | (SREC-I).
Cell Immunol. 2011,267(2):88-93.


https://doi.org/10.1016/j.cca.2013.06.005
https://doi.org/10.1371/journal.pone.0208974
https://doi.org/10.1007/s12016-012-8349-4
https://doi.org/10.1371/journal.pone.0107743
https://doi.org/10.1038/nrrheum.2017.140
https://doi.org/10.1053/j.gastro.2007.01.039
https://doi.org/10.1053/j.gastro.2007.01.039
https://doi.org/10.1016/j.jaut.2018.10.004
https://doi.org/10.1016/j.jaut.2018.10.004
https://doi.org/10.1136/gut.2008.157818
https://doi.org/10.1136/gut.2008.157818
https://doi.org/10.1136/gut.2010.222646
https://doi.org/10.1186/s12876-018-0787-x
https://doi.org/10.1371/journal.pone.0112877
https://doi.org/10.2169/internalmedicine.9724-17
https://doi.org/10.1136/gutjnl-2016-311739
https://doi.org/10.1136/gutjnl-2016-311739
https://doi.org/10.1038/s41598-017-18622-1
https://doi.org/10.1038/s41598-017-18622-1
https://doi.org/10.1016/j.cca.2015.01.018
https://doi.org/10.1097/MIB.0000000000001159
https://doi.org/10.1097/MIB.0000000000001159
https://doi.org/10.3389/fimmu.2018.01959
https://doi.org/10.3389/fimmu.2018.01959
https://doi.org/10.1155/2013/968041
https://doi.org/10.1074/jbc.M410599200
https://doi.org/10.1074/jbc.M410599200
https://doi.org/10.1038/nature08529
https://doi.org/10.3389/fimmu.2019.02345
https://doi.org/10.3389/fimmu.2019.02345
https://doi.org/10.1038/mi.2014.99
https://doi.org/10.1038/mi.2014.99
https://doi.org/10.1038/ni.2352
https://doi.org/10.1196/annals.1326.028
https://doi.org/10.1016/0140-6736(91)92282-7
https://doi.org/10.1097/00054725-200205000-00004
https://doi.org/10.1097/00054725-200205000-00004
https://doi.org/10.1053/j.gastro.2006.02.004
https://doi.org/10.1053/j.gastro.2006.02.004
https://doi.org/10.4049/jimmunol.1103190
https://doi.org/10.4049/jimmunol.1103190
https://doi.org/10.1136/gutjnl-2014-307854
https://doi.org/10.1136/gutjnl-2014-307854
https://doi.org/10.1186/1471-230X-9-58
https://doi.org/10.4161/gmic.1.6.14078
https://doi.org/10.4161/gmic.1.6.14078

Lopens et al. Autoimmun Highlights

127.

128.

129.

130.

132.

133.

135.

136.

137.

138.

139.

140.

141.

(2020) 11:6

Darfeuille-Michaud A, Boudeau J, Bulois P, et al. High prevalence of
adherent-invasive Escherichia coli associated with ileal mucosa in
Crohn’s disease. Gastroenterology. 2004;127(2):412-21. https://doi.
0rg/10.1053/j.gastro.2004.04.061.

Dreux N, Denizot J, Martinez-Medina M, et al. Point mutations in FimH
adhesin of Crohn'’s disease-associated adherent-invasive Escheri-

chia coli enhance intestinal inflammatory response. PLoS Pathog.
2013;9(1):21003141. https://doi.org/10.1371/journal.ppat.1003141.
Chassaing B, Rolhion N, de Vallée A, et al. Crohn disease-associated
adherent-invasive E. coli bacteria target mouse and human Peyer's
patches via long polar fimbriae. J Clin Invest. 2011;121(3):966-75. https
://doi.org/10.1172/jci44632.

Werner L, Roggenbuck D, Dotan . Reply to Dr. Pavlidis et al’s letter.

J Crohns Colitis. 2013;7(11):e604-5. https://doi.org/10.1016/j.crohn
5.2013.06.017.

Hausdorf G, Roggenbuck D, Feist E, et al. Autoantibodies to asialogly-
coprotein receptor (ASGPR) measured by a novel ELISA—revival of

a disease-activity marker in autoimmune hepatitis. Clin Chim Acta.
2009;408:19-24.

Rigopoulou El, Roggenbuck D, Smyk DS, et al. Asialoglycoprotein recep-
tor (ASGPR) as target autoantigen in liver autoimmunity: lost and found.
Autoimmun Rev. 2012;12(2):260-9. https://doi.org/10.1016/j.autre
v.2012.04.005.

Freedman SD, Sakamoto K, Venu RP. GP2, the homologue to the renal
cast protein uromodulin, is a major component of intraductal plugs

in chronic pancreatitis. J Clin Invest. 1993;92(1):83-90. https://doi.
org/10.1172/JCI116602.

McQueen EG, Engel GB. Factors determining the aggregation of urinary
mucoprotein. J Clin Pathol. 1966;19:392-6.

Ying WZ, Sanders PW. Mapping the binding domain of immu-
noglobulin light chains for Tamm-Horsfall protein. Am J Pathol.
2001;158:1859-66.

Pereira P, AhoV, Arola J, et al. Bile microbiota in primary sclerosing
cholangitis: impact on disease progression and development of biliary
dysplasia. PLoS ONE. 2017;12(8):e0182924. https://doi.org/10.1371/
journal.pone.0182924.

Verdier J, Luedde T, Sellge G. Biliary mucosal barrier and microbiome.
Viszeralmedizin. 2015;31(3):156-61. https://doi.org/10.1159/000431071.
Folseraas T, Melum E, Rausch P, et al. Extended analysis of a genome-
wide association study in primary sclerosing cholangitis detects
multiple novel risk loci. J Hepatol. 2012;57(2):366-75. https://doi.
0rg/10.1016/}jhep.2012.03.031.

Rausch P, Rehman A, Kiinzel S, et al. Colonic mucosa-associated
microbiota is influenced by an interaction of Crohn disease and FUT2
(Secretor) genotype. Proc Natl Acad Sci USA. 2011;108(47):19030-5.
https://doi.org/10.1073/pnas.1106408108.

Machiels K, Joossens M, Sabino J, et al. A decrease of the butyrate-
producing species Roseburia hominis and Faecalibacterium praus-

nitzii defines dysbiosis in patients with ulcerative colitis. Gut.
2014;63:1275-83.

Joossens M, Huys G, Cnockaert M, et al. Dysbiosis of the faecal micro-
biota in patients with Crohn’s disease and their unaffected relatives.
Gut. 2011;60(5):631-7. https://doi.org/10.1136/gut.2010.223263.

142.

143.

144.

145.

146.

147.

148.

149.

150.

152.

153.

Page 14 of 14

Moussata D, Goetz M, Gloeckner A, et al. Confocal laser endomi-
croscopy is a new imaging modality for recognition of intramucosal
bacteria in inflammatory bowel disease in vivo. Gut. 2011;60(1):26-33.
https://doi.org/10.1136/gut.2010.213264.

Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace

NR. Molecular-phylogenetic characterization of microbial community
imbalances in human inflammatory bowel diseases. Proc Natl Acad Sci
USA. 2007;104:13780-5.

Willing BP, Dicksved J, Halfvarson J, et al. A pyrosequencing study in
twins shows that gastrointestinal microbial profiles vary with inflamma-
tory bowel disease phenotypes. Gastroenterology. 2010;139(6):1844-
1854.e1. https://doi.org/10.1053/j.gastro.2010.08.049.

Sokol H, Pigneur B, Watterlot L, Lakhdari O, Bermudez-Humaran LG,
Gratadoux JJ, Blugeon S, Bridonneau C, Furet JP, Corthier G, Grangette
C, Vasquez N, Pochart P, Trugnan G, Thomas G, Blottiere HM, Doré J, Mar-
teau P, Seksik P, Langella P. Faecalibacterium prausnitzii is an anti-inflam-
matory commensal bacterium identified by gut microbiota analysis of
Crohn disease patients. Proc Natl Acad Sci USA. 2008;105(43):16731-6.
Tabibian JH, Talwalkar JA, Lindor KD. Role of the microbiota and
antibiotics in primary sclerosing cholangitis. Biomed Res Int.
2013;2013:389537. https://doi.org/10.1155/2013/389537.

Gell PGH, Coombs RRA (1963) Clinical Aspects of Immunology: Section
IV, Chapter 1.

Ainechi S, Lee H. Updates on precancerous lesions of the biliary tract:
biliary precancerous lesion. Arch Pathol Lab Med. 2016;140(11):1285-9.
Gommerman JL, Rojas OL, Fritz JH. Re-thinking the functions of

IgA(+) plasma cells. Gut Microbes. 2014;5(5):652-62. https://doi.
0rg/10.4161/19490976.2014.969977.

Shalapour S, Lin X-J, Bastian IN, et al. Inflammation-induced IgA+- cells
dismantle anti-liver cancer immunity. Nature. 2017;551(7680):340-5.
https://doi.org/10.1038/nature24302.

Nagura H, Tsutsumi Y, Hasegawa H, et al. IgA plasma cells in biliary
mucosa: a likely source of locally synthesized IgA in human hepatic bile.
Clin Exp Immunol. 1983;54:671-80.

Rieder F, Schleder S, Wolf A, et al. Association of the novel serologic
anti-glycan antibodies anti-laminarin and anti-chitin with complicated
Crohn’s disease behavior. Inflamm Bowel Dis. 2010;16(2):263-74. https
://doi.org/10.1002/ibd.21046.

Kohoutova D, Drahosova M, Moravkova P, et al. Anti-outer membrane
protein C and anti-glycoprotein 2 antibodies in inflammatory bowel
disease and their association with complicated forms of Crohn'’s
disease. BMC Gastroenterol. 2014;14:190. https://doi.org/10.1186/51287
6-014-0190-1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1053/j.gastro.2004.04.061
https://doi.org/10.1053/j.gastro.2004.04.061
https://doi.org/10.1371/journal.ppat.1003141
https://doi.org/10.1172/jci44632
https://doi.org/10.1172/jci44632
https://doi.org/10.1016/j.crohns.2013.06.017
https://doi.org/10.1016/j.crohns.2013.06.017
https://doi.org/10.1016/j.autrev.2012.04.005
https://doi.org/10.1016/j.autrev.2012.04.005
https://doi.org/10.1172/JCI116602
https://doi.org/10.1172/JCI116602
https://doi.org/10.1371/journal.pone.0182924
https://doi.org/10.1371/journal.pone.0182924
https://doi.org/10.1159/000431071
https://doi.org/10.1016/j.jhep.2012.03.031
https://doi.org/10.1016/j.jhep.2012.03.031
https://doi.org/10.1073/pnas.1106408108
https://doi.org/10.1136/gut.2010.223263
https://doi.org/10.1136/gut.2010.213264
https://doi.org/10.1053/j.gastro.2010.08.049
https://doi.org/10.1155/2013/389537
https://doi.org/10.4161/19490976.2014.969977
https://doi.org/10.4161/19490976.2014.969977
https://doi.org/10.1038/nature24302
https://doi.org/10.1002/ibd.21046
https://doi.org/10.1002/ibd.21046
https://doi.org/10.1186/s12876-014-0190-1
https://doi.org/10.1186/s12876-014-0190-1

	The search for the Holy Grail: autoantigenic targets in primary sclerosing cholangitis associated with disease phenotype and neoplasia
	Abstract 
	The putative impact of autoimmunity in PSC
	Humoral autoimmune responses in PSC
	Identification of autoantigenic targets in CD
	Identification of autoantigenic targets in UC
	Autoantigenic targets in PSC—lessons from humoral autoimmunity in IBD

	GP2 as an autoantigenic target in PSC—indication of microbial involvement?
	Putative role of GP2 IgA in the pathophysiology of PSC
	Summary
	References




