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Dendritic Cells in Autoimmune Liver Diseases
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Abstract: Dendritic cells (DC) are professional antigen presenting cells that maintain immune tolerance to self-antigens
by controlling the pathogenicity of autoreactive T cells, and a lack of immune tolerance against self-antigens results in
autoimmune diseases. Therefore, DCs play an essential role in the induction and/or maintenance of autoimmunity. In the
present review, we focus on the role of DCs in the pathogenesis of autoimmupe liver diseases. In addition, recent
developments in DC-based immunotherapy using regulatory (tolerogenic) DCs in autoimmune diseases will be discussed.
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INTRODUCTION

Autoimmune responses can arise because the repertoire
of both T- and B-cell receptors, which allow the recognition
of pathogens, may contain receptors recognizing self-
compartments. Ideally, autoreactive lymphocytes are
destroyed in the thymus during negative selection and the
induction of autoimmunity should thus be controlled.
However, a great number of self-reactive lymphocytes
escape the thymic negative selection process and form a
peripheral pool of potentially autoimmune disease-mediated
lymphocytes On the other band, self-tissues are routinely
destroyed in our body and thus self-antigens (Ac) are
available in situ. If self-reactive lymphocytes are mnot
completely destroyed in the thymus, autoantigens can
activate these lymphocytes, and the features of autoimmunity
are begun. To block the activities of these autoreactive
lymphocytes and minimize clinically apparent autoimmune
diseases, a population of tolerogenic immunocytes
(regulatory T cells: Tregs) is present in our body. When
these lymphocytes also fail to block the progression of an
autoimmune process, then the pathological consequences of
autoimmunity manifest themselves. Therefore, it is important
to clarify the mechanisms leading to the initial activation of
self-reactive lymphocytes that induce and sustain the
autoimmune response. The underlying cause of the inability
of tissue-derived dendritic cells (DC) to induce immune
tolerance to self-Ag remains to be fully elucidated. In
addition, another population of DCs, called regulatory
(tolerogenic) DCs, might counteract the autoimmune
process.

DCs are one of the main players that maintain tolerance
at the tissue level, and may have a dominant role in the
initiation and perpetuation of autoimmunity and autoimmune
diseases [1, 2]. In the present paper, we mainly discuss the
role of DCs in the pathogenesis of autoimmune liver
diseases.
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A major source of self—antigens in the steady state is
apoptotic cells that arise from normal steady-state cell
turnover. Immatyre-DCs are widely distributed in almost all
tissues of the body These cells efficiently internalize

“apoptotic cells and can present apoptotic cell-derived

peptides in MHC molecules to Ag-specific T cells. However,
this process does not induce DC maturation, and these cells
do not stimulate T cell immunity [3, 4]. Recently, Ohnmacht
et al. [1] demonstrated that constitutively DC-depleted mice
develop spontaneous severe autoimmune diseases, thus
indicating that DCs help protect against autoimmunity under
normal conditions. :

In addition to immature DCs, another population of DCs,
regulatory DCs, has been characterized [5, 6]. These cells
may also be committed immunocytes that contribute to
induction of the tolerogenic state. The precise mechanisms
by which induce specific T cell-tolerance to self-Ags are
unlikely to be mutually elusive; current evidence suggests
that multiple mechanisms, such as the induction of T cell
anergy, T cell deletion, and Tregs, may be involved [5-7].

These facts indicate that impaired or improper DC
functions may be related to the development of autoimmune
diseases. During the development and progression of
autoimmune diseases, several factors including the pro-
mflammatory milieu and the nature of self-Ags appear to be
involved. Various factors determine the induction of immune
tolerance and immune responses by DCs. DCs are predicted
to be involved induction and progression of autoimmune
diseases, because DCs are regulators of immune responses
and tolerance, and are capable of modulating different
factors rclated to the induction and progression of
autoimmune diseases. In addition, DC is one of the key
players of innate immunity and produces various types of
cytokines. It is possible that under certain conditions and in
genetically susceptible individuals, pro-inflammatory
cytokines may be produced by DCs when encountering self-
Ags, distorting the immune balance and providing conditions
that are favorable for the induction of autoreactive
lymphocytes. This event may be induced by either viral
infections or drugs, which triggers autoimmunity. Among
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the DC subset, myeloid DCs (mDC) represent a promising
population to regulate Ag-specific immune regulation. These
cells have already been used for development of Ag-specific
T cells in clinical trials. In addition, plasmacutoid DCs
(pDC) are potent producers of type I interferon (IFN), which
is also implicated in various autoimmune disease [8, 9].
Therefore, the production of high levels of proinflammatory
cytokines by DCs may disrupt the inflammatory balance of
different tissues, and may thus cause the formation of
autoreactive T cells which can induce the destruction of
these tissues.

The role of DC in the pathogenesis of human
autoimmune diseases, such as systemic lupus erythematosus
and rheumatoid arthritis has been investigated extensively
(reviewed in [10, 11]).

DENDRITIC CELLS IN THE PATHOGENESIS OF
AUTOIMMUNE LIVER DISEASES

The exact roles of DCs in the pathogenesis of
autoimmune diseases are not well characterized, but

accumulating evidence suggest that DC activity may

contribute to the development of autoimmune diseases in
animal models and in patients with autoimmune disease.

The liver is known to induce tolerance rather than
immunity toward Ags, and local hepatic immune regulation
is governed by the unique bacterial degradation product-rich
hepatic microenvironment, and by liver cells that possess
with unique functions [12-14]. Antigen presenting cells,
including DCs [14-18], appear to be involved in this process.
When the self-Ag tolerogenic property is perturbed, DCs can
induce autoreactive T cell immunity, thereby causing tissue
destruction in the liver. The nature of DCs in autoimmune
liver diseases is summarized in Table 1.

Table 1. Dendritic Cells in Autoimmune Liver Diseases
Reference
Decreased expression of HLA-DR on mDC [21]
AIH | Decreased expression of HLA-DR and CD123 on pDC [21]
Increased expression of mDC [23]
Located predominantly in portal area [26,27]
PEC Decreased expression of HLA-DR and CD123 on pDC [21]
Decreased allostimulatory capacity [28]
Increased production of nitric oxide [28,29]
PSC | Induction of 0437 and CCR9 on T cells by gut-derived DC [33]

AUTOIMMUNE HEPATITIS (AIH)

AIH is defined as chronic liver disease’of unknown
etiology, and it is associated with aberrant autoreactivity and
a genetic predisposition to this condition [19]. The target
antigens on the hepatocyte membrane are unknown, but it is
likely that liver membrane-specific activated T cells are
important in the development or the progression of these

diseases. Recently, the numeral and functional Treg

impairments have been identified in patients with AIH,
particularly during the active phase [20].

Abe et al.

Few studies have examined the role of DCs din AIH
pathogenesis. Our group analyzed the phenotypic
characteristics of DCs in peripheral blood, and demonstrated
that the expression of HLA-DR on mDCs was decreased in
AIH patients compared to control subjects. In addition,
HLA-DR and CDI123 expressions on pDCs were
significantly lower in AIH patients than that in controls [21].
Because pDCs are involved in the induction of immunogenic
tolerance and T helper (Th) 2 polarization [8, 9, 22],
defective surface antigen expression on pDCs may underlie
the immune response switch to the Th1 type in AIH patients.

Chen et al. [23] reported the expression of CD274 (B7-
H1) on mDCs in peripheral blood to significantly increase in
patients with AIH compared to the control subjects.
However, the number of enrolled patients was small, and no
functional assay was performed in either study. Further
studies will be necessary to confirm these results.

In a mouse study, DCs were used to establish an animal
model of ATH. Tamaki et al. [24] described an animal model
of AIH using DCs loaded with the well-differentiated
Hepal-6 hepatocellular carcinoma cell line. DC/Hepal-6-
vaccined mice induced cytotoxic activity of spleen and liver
T cells to the syngeneic hepatocytes. However, the induction
of a significant inflammatory response in the liver required
additional IL-12 treatment. These data indicate that in
addition to an Ag-DCs encounter, a pro-inflammatory milieu
is essential for the induction of autoimmune diseases.

PRIMARY BILIARY CIRRHOSIS (PBC)

PBC is a chronic cholestatic liver disease characterized
by the destruction of small and medium-size intrahepatic bile
ducts. Although several studies have examined the
autoimmune mechanisms for biliary damage in PBC, the
underlying cause of the disease remains largely unknown.
Autoreactive CD4" and CD8" T cells are believed to be
involved in the pathogenesis of PBC [25].

DCs have been frequently observed in the portal area in
the early stages of PBC, but are less frequent in advanced
disease, where they may often be periductually located [26].
Mature DCs expressing CD83 have also been found in the
liver tissue of PBC patients [27], suggesting a role for DCs
in different states in PBC.

Yamamoto et al. [28] demonstrated that the capacity of
monocyte-derived DCs (Mo-DC) to stimulate allogeneic T
cells was significantly lower compared to control subjects.
Increased production of nitric oxide by DC from PBC
patients was responsible to this finding. In addition, the
levels of NO produced by DCs were decreased in all PBC
patients treated with the hypolipidemic drug bezafibrate,
which has been reported to improve liver function tests in
PBC patients [29]. In addition, the expression levels of
HLA-DR and CD123 on pDCs were significantly lower in
the PBC patients than that in the confrol subjects [21].

Patients with PBC are characterized by the presence of
antibodies to the pyruvate dehydrogenase complex (PDC) in
the sera and PDC-specific T cells in the liver. However, most
of the patients did not show a peripheral blood T cell
response to PDC when a conventional lymphoproliferative
assay was performed using PDC. Kita et al [30]
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demonstrated the presence of PDC-E2 specific cytotoxic T
cells in the peripheral blood of PBC patients using PDC-E2-

pulsed DCs. We have also shown that DCs can be used to

detect autoantigen-specific T cells from patients with PBC.
PDC-specific T cells were detected using PDC-pulsed Mo-
DCs from most of the patients with PBC, even those who did
not have detectable levels of anti-PDC antibodies in the sera
[31]. These studies provide definitive evidence regarding the
existence of autoantigen-specific lymphocytes in PBC
patients.

PRIMARY SCLEROSING CHOLANGITIS (PSC)

PSC is a fibrosclerotic disease of the bile ducts, with
diffuse structuring of the intrahepatic and extrahepatic
biliary tree. The etiology and pathogenesis of PSC still
remains poorly understood, but autoimmune mechanisms are
believed to contribute to this disease state. The biliary
epithelium appears to be a target for immune-mediated
injury.

There is a strong association between PSC and
inflammatory bowel diseases. Aberrant expression of CCL25
and mucosal addressin  cell-adhesion , molecule-1
(MAJCAMS-1) in the liver of patients with PSC is associated
with hepatic infiltration by CC chemokine receptor 9
(CCR9) " a4B7" T cells [32]. Intestinal DCs imprint the gut-
homing receptors CCR9 and o4B7 on lymphocytes, which
facilitates their tissue-specific homing to the gut; [33].
"Conversely, liver DCs do not have capacity to imprint these
adherent molecules, indicating that CCR9" 04B7* T cells in
the liver are primed in the gut. These data suggest that
therapies targeted to intestinal DCs and T cells might have
applications for patients with PSC.

IgG4-RELATED  SCLEROSING CHOLANGITIS

(IgG4-SC)

IgG4-SC is a recently described biliary disease of
unknown etiology that presents with biochemichal and
cholangiographic features similar to PSC and is often
associated with autoimmune pancreatitis (AIP) and other
fibrotic conditions. The serum level of IgG4 is elevated and
IgG4-positive plasma cells are infiltrated in the bile ducts
and liver tissue. In addition, Treg cells are increased in the
bile ducts and liver tissue of patients with IgG4-SC [34, 35].
Therefore, the immunopathogenesis of IgG4-SC appears to
distinct from that of PBC and PSC.

The nature of DCs in IgG4-SC has not yet been clarified.
In patients with AIP, the number of mDCs and pDCs in
peripheral blood were not significantly different from those
in the control subjects [36].

DC-BASED THERAPY FOR AUTOIMMUNITY

To elucidate the role of DCs in regulating autoimmunity
and tolerance, DCs have been developed as an
immunotherapeutic tool for the treatment of patients with
autoimmune diseases. Over the last decade, many different
strategies have been proposed to create DCs in the laboratory
that can induce T cell tolerance, and are termed regulatory
(or tolerogenic) DC [5, 6, 37]. The prophylactic and
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therapeutic potential of regulatory DCs has been
demonstrated predominantly in animal models.

In general, regulatory DCs are characterized b}f 1) the
low expression of co-stimulatory molecules; 2) low levels of
pro-inflammatory cytokines; and 3) high production of
immunosuppressive cytokines. Various strategies have been
developed to create DCs with stable tolerogenic functions
(Table 2) [7, 37, 38].

Table2. Strategy of the Creation of Regulatory DC for

Therapy Against Autoimmunity

Transduction of immunoregulatory

Genetic modification molecules

S Silence of immunostimulatory molecules

Treatment of DC in vitro with
anti-inflammatory cytokines
and/or immunosuppresive drugs

Modification by
immunosuppressive agents

Modification of

i Semi-maturation (alternatively-activati
culture condition . , . ) ( v ion)

e

An important challenge for regulatory DC therapy for the
treatment of autoimmune disease is the re-balancing of
dysregulated immune responses that have already been
ongoing for some time. The patients with autoimmune
disease may already have developed this condition many
years before the first clinical manifestations of the disease. In
animal models, various studies found that regulatory DCs
can inhibit the established clinical manifestations of
autoimmune disease. Despite the many limitations of animal
model for the study of human autoimmune disease, it is
becoming clear that regulatory DCs can have beneficial
effects of pathogenic autoimmune response under highly
inflammatory conditions.

We have previously reported that regulatory DCs, which
were produced by culturing mouse bone marrow-derived
DCs with IL-10, lipopolysaccharide, and parietal cell
antigen, can improve autoimmune gastritis in a mouse model
[39]. These cells produced increased levels of IL-10 and,
which also increasing the induction of Treg cells in vivo. In a
murine model of PBC [40], these regulatory DC (PDC was
used as auto-Ag) also exhibited a therapeutic effect
(unpublished observations). This finding indicates that DC-
based immunotherapy using Ag-loaded alternatively-
activated DC night be promising for the treatment of
autoimmune liver diseases.

These promising results in pre-clinical models have
prompted a number of groups to consider the application of
regulatory DC therapy to human autoimmune disease.
Several groups started phase I clinical trials with regulatory
DCs to rheumatoid arthritis and type-lI diabetes [37].
However, there remain several important considerations
related to the clinical application of this therapy for
autoimmune diseases. A significant consideration is the
choice and source of auto-Ags. Most of the auto-Ags in
human autoimmune diseases, including autoimmune liver
disease, are not well characterized. In addition, the choice of

"DC with stable tolerogenicity, even in vivo, is critically

‘important. Furthermore, the optimal route, timing, dose, and
frequency of administration have not been clarified. Most
importantly, biomarkers of tolerance induction have not been
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established. However, it remains very difficult to solve most
of these issues using in vitro or animal studies. Therefore, it
is important to collect data in current clinical trials and to
establish the future design of additional studies.

CONCLUSION

Studies of the immune pathogenesis of various
autoimmune diseases indicate that DCs may play a dominant
role in the initiation and/or maintenance of autoimmunity
and autoimmune diseases, although there is currently only
preliminary evidence for this in autoimmune liver diseases
thus far. The identification of auto-Ag in theses pathological
conditions is important to reaffirm the role of DCs in
autoimmune diseases. The therapeutic potential of regulatory
DCs has been demonstrated in pre-clinical animal models,
and the current goal is to translate these findings into clinical
applications. It is essential to determine a strategy for DC-
based immunotherapy for treating human autoimmune liver
diseases in patients.
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Summary

Hepatocellular Carcinoma in Autoimmune Hepati-
tis

Masanori Abe™ and Morikazu Onji*™*

Hepatocellular carcinoma (HCC) has traditionally been
considered a rare complication in patients with autoimmune
hepatitis (ATH). The number of reported cases has however
increased recently. The prevalence of HCC in patients with
ATH was low in a recent nationwide survey. However,
advanced fibrosis stage, particularly liver cirrhosis, is a -
major risk factor for the development of HCC. A focused
surveillance strategy, based on imaging studies, is recom-
mended for these patients. In addition, sustaining remission
by implementing adequate immunosuppréssive therapy
may be important for prevention of the deveiopment of HCC
in patients with ATH. Careful attention should be paid to the
potential development of HCC in patients with ATH.

Key words : autoimmune hepatitis, hepatocellular carcinoma,
liver cirrhosis
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Primary biliary cirrhosis (PBC) is characterized by portal inflammation and immune-mediated destruction
of intrahepatic bile ducts that often result in liver failure. Toll-like receptor (TLR) 4 recognizes lipopolysac-
charides of Gram-negative bacteria. Infectious agents have been suspected to play a crucial role in PBC
pathogenesis since TLR4 expression was found in bile duct epithelial cells and periportal hepatocytes in

liver tissues of PBC. To assess the potential contribution of TLR4 SNPs to the development of this disease,
we genotyped five SNPs in TLR4 in 261 PBC patients and 359 controls using a TagMan assay. No significant
positive associations with either PBC susceptibility or progression were uncovered. These resuits indicate
that TLR4 polymorphisms do not play a prominent role in the development of PBC in Japanese patients.

© 2012 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights

reserved.

1. Introduction

Primary biliary cirrhosis (PBC) is an autoimmune liver disease
characterized by portal inflammation and immune-mediated
destruction of intrahepatic bile ducts that often result in cirrhosis
and liver failure [1]. The cause of PBC remains poorly understood
[2], although population and family studies suggest that genetic
factors contribute to disease susceptibility and severity [3]. Signif-
icant associations of genetic factors, including HLA alleles [4-6],
cytotoxic T-lymphocyte antigen 4 [7-10], and other loci [11] have
been reported for PBC. Only HLA has consistently been associated
with PBC among these susceptibility genes. Specifically, the
DRB1*08 family of alleles has been the most frequently described
determinant for this disease [4-6].

Toll-like receptors (TLRs) are a class of evolutionarily conserved
pathogen recognition receptors that play an important role in in-
nate identification of foreign material [12]. Activation of TLRs in-

Abbreviations: PBC, primary biliary cirrhosis; TLR, toll-like receptor; LPS,
lipopolysaccharide; SNPs, single nucleotide polymorphisms.

* Corresponding author. Address: Department of Medicine, Shinshu University
School of Medicine, 3-1-1 Asahi, Matsumoto 390-8621, Japan. Fax: +81 263 32
9412.

E-mail address: tumemura@shinshu-u.acjp (T. Umemura).

1 These authors contributed equally.

duces both innate and adaptive immune reactions against
invading pathogens. TLR4 is a receptor for bacterial lipopolysac-
charride (LPS) which selectively binds the lipid A portion of LPS.
It was also found to be expressed in bile duct epithelial cells and
periportal hepatocytes in PBC patient liver tissues [13,14]. Since
several bacterial products were detected in sera or liver tissues
of PBC patients [15-17], infectious agents might play a crucial rale
in disease pathogenesis [18]. TLR4 single nudcleotide polymor-
phisms (SNPs) have been reported to be associated with genetic
susceptibility to autoimmune diseases [19-22], but these genes
have not been examined with respect to PBC. As such, we hypoth-
esized that TLR4 SNPs may be associated with PBC in the Japanese
population and examined eight SNPs for assocjations with suscep-
tibility and progression in Japanese patients.

2. Subjects and methods
2.1. Study subjects

Between January 2005 and December 2011, a total of 261
patients with PBC (234 women, median age: 58 years, range:
27-86 years) and 359 healthy subjects (319 women) participated
in this study. All control subjects had indicated the absence of ma-
jorillness on a standard questionnaire. Racial backgrounds were all

0198-8859/$36.00 - see front matter © 2012 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights reserved.
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Japanese. The diagnosis of PBC in all patients was based on criteria
from the American Association for the Study of Liver Diseases [23].
Serum anti-mitochondrial antibody-M2 was determined by ELISA,
where a >7.0 index was considered to be positive, as previously re-
ported [24). All patients were negative for hepatitis B surface anti-
gen and antibodies to hepatitis B core antigen, hepatitis C virus,
and human immunodeficiency virus. Patients were grouped into
two stages of PBC based on their most recent follow-up: early stage
patients were histologically classified as Scheuer stage I or II [25]
or of unknown histological stage without liver cirrhosis, and late
stage patients were histologically Scheuer stage Il or IV or
clinically diagnosed with liver cirrhosis or hepatic failure {10]. Li-
ver cirrhosis was diagnosed by histological examination and/or
characteristic clinical signs of advanced liver disease [26]. Patients
with late stage disease or cirrhosis were 53 (20%) and 44 (17%),
respectively. All subjects and controls provided written informed
consent for testing of DNA samples. This study was approved by
the institutional ethics committee.

2.2. Genotypoing of TLR4 SNPs

Genomic DNA was isolated from whole blood extracts for all pa-
tients and controls using QuickGene-800 (FUJIFILM, Tokyo, Japan)
and adjusted to 10-15 ng/pl. TLR4 is composed of four exons and
has four transcript isoforms. We evaluated five SNPs (rs10759930,
152149356, rs11536889, 1s7037117, and rs7045953) which were
localized within the exons and introns of the TLR4 gene. SNPs
were selected from among previous reports [27,28] and had minor
allele frequencies of >5%. SNP spans were approximately 1-5 kb
and included 5 kb of the predicted 5-untranslated region and
6 kb of the predicted 3'-untranslated region of the TLR4 gene. Geno-
typing of all SNPs was performed with a TagMan 5’ exonuclease as-
say using primers supplied by ABI (Applied Biosystems, Foster City,
CA, USA). The probe fluorescence signals were detected with a Tag-
Man Assay for Real-Time PCR (7500 Real Time PCR System, Applied
Biosystems) according to the manufacturer's instructions.

HLA typing was carried out using a Luminex multi-analysis pro-
filing system with a LAB type® SSO OnelLambda typing kit One
(Lamda, Ganoga Park, CA), which is based on polymerase chain
reaction sequence-specific oligonucleotide probes. HLA genotypes
were determined by sequence-based typing {6].

2.3. Statistical analysis

The Hardy-Weinberg equilibrium test was performed for each
SNP between control and patient groups. Pairwise linkage disequi-
librium pattern, haplotype block structure, and haplotype fre-
quency analysis were assessed for all SNPs by the block
definition by Gabriel et al. [29], and were based on a 95% confi-
dence interval (Cl) of D' with Haploview version 4.2 software
[30]. We plotted 12 values. The significance of allele distribution be-
tween patients with PBC and healthy subjects was evaluated using
the x? test for 2 x 2 comparisons. A P value of <0.05 was consid-
ered statistically significant. Statistical analysis was performed
using SPSS software (version 18.0]; SPSS, Chicago, IL).

3. Results

A total of five SNPs in the TLR4 gene were genotyped in 261 pa-
tients with PBC and 359 healthy subjects. The observed genotype
frequencies for patients and controls were all in Hardy-Weinberg
equilibrium, and the minor allele frequencies of all SNPs were
>5%. All five SNPs were located in one haplotype block, and the
magnitude of linkage disequilibrium between each SNP was high
(Fig. 1). Analysis of allelic frequencies revealed no significant dif-
ferences between PBC and controls for TLR4 SNPs (Table 1).

The haplotype frequency of the five SNPs was estimated with
the expectation-maximization algorithm. Six unique SNP haplo-
types were identified, and five of them had frequencies of >5% (Ta-
ble 2). Association analysis using haplotypes calculated by
expectation-maximization algorithms showed that none of them
were associated with either susceptibility or resistance to PBC.

Since we previously reported that the HLA DRB1*08:03-
DQ*06:01 haplotype was associated with PBC in Japan, we further
investigated the genetic association between this haplotype and
the TLR4 SNPs. Analysis of allelic frequencies revealed no signifi-
cant differences between the presence and absence of the HLA
DRB1*08:03-DQ*06:01 haplotype and these SNPs (data not shown).

Next, we examined associations between the five TLR4 SNPs and
disease progression. There were neither significant allelic associa-
tions nor significant haplotype associations found in comparisons
of early and late stage groups with regard to liver cirrhosis or
non-cirrhosis (data not shown).

Patients

Controls

Fig. 1. Linkage disequilibrium plot of five SNPs of the TLR4 gene in 261 patients with primary biliary cirthosis and 359 healthy controls. Values of r? corresponding to each
SNP pair are expressed as a percentage and shown within the respective squares. Higher D’ values are indicated by a brighter red color. The five SNPs constitute a haplotype

block spanning 24 kb of the TLR4 gene.
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Table 1

Allele frequencies of SNPs in the TLR4 gene of PBC patients and healthy subjects.
SNP no. dbSNP Position (bp) Minor allele MAF in PBC MAF in controls P value OR 95%CI
1 rs10759930 119,501,442 C 0.366 0.350 0.55 1.07 0.85-1.36
2 152149356 119,514,020 T 0.337 0.345 0.76 0.96 0.76-1.22
3 rs11536889 119,517,952 C 0.226 0.253 0.27 0.86 0.66-1.12
4 rs7037117 119,523,484 G 0.190 0.187 0.89 1.02 0.76-1.36
5 1s7045953 119,525,616 G 0.090 0.078 045 117 0.78-1.75

Cl, confidence interval; MAF, minor allele frequency; OR, odds ratio; PBC, primary biliary cirrhosis; TLR4; toll-like receptor 4; SNP, single nucleotide polymorphism, P values

were calculated with a y?-test 2 x 2 contingency table (df = 1).

Table 2
TLR4 haplotypes in PBC patients and healthy subjects.

associated with PBC vulnerability remain open for further investi-
gation, indicating the need for a genome-wide association study of

Haplotype  SNPs Haplotype frequencies P value PBC in Japan.
1 2 3 4 5 PBC Controls
1 T G G A A 0409 0.402 0.78
2 T ¢ € A A 0225 0243 0.46 Acknowledgments
3 C T G A A 0144 0.151 0.73 .
4 ¢C T G G A 0098 0.106 0.65 This study was supported by a grant from the Ministry of Edu-
5 ¢c T G G G 009 0.078 0.44 cation, Culture, Sports, Science, and Technology of Japan

PBC, primary biliary cirrhosis; TLR4, toll-like receptor 4.

4. Discussion

In the present study, we investigated the possibility of an asso-
ciation between TLR4 SNPs and PBC in Japan. We found no associ-
ations for any of the SNPs analyzed. Several infectious organisms
have been proposed as potential causes of PBC [15-17], and
TLR4, a specific receptor for LPS, was found in bile duct epithelial
cells and periportal hepatocytes in liver tissues of PBC patients
[13,14]. Ballot et al. [31] reported that 64% of PBC sera was positive
for IgM antibodies against lipid A, an immunogenic and toxic com-
ponent of LPS. This finding was specific for the disease and corre-
lated with more florid histological lesions. Moreover, Mao et al.
reported that PBC patients were hyper-responsive to LPS stimula-
tion, and suggested that aberrant signaling through TLR4 may pre-
cipitate disease onset [32]. Therefore, it has been hypothesized that
TLR4 and its ligands would be implicated in the development of
PBC, but the results of our SNP analysis indicated otherwise. Until
now, no reports have been published regarding an association
between PBC and TLR4 SNPs in other ethnicities. Furthermore,
genome-wide association studies have shown no significant asso-
ciations between TLR4 SNPs and PBC in Caucasians, so our negative
association of TLR4 SNPs with Japanese PBC may be valid.

Of the two co-segregating missense mutations in the gene
encoding TLR4 154986790 (Asp299Gly) and rs4986791 (Thr399lle),
only rs4986790 interrupts TLR4 signaling. Most studies that re-
ported disease associations with TLR4 SNPs have shown signifi-
cantly higher frequencies of SNPs related to Asp299Gly and
Thr399lle {33], but none have detected these nonsynonymous
mutations in Asian populations. Moreover, they were monomor-
phic in our Japanese healthy controls, which was consistent with
other reports, including HapMap data [28].

The HLA DRB1*08:03-DQB1*06:01 haplotype has been associated
with susceptibility to PBC in a Japanese population [6]. Therefore,
we investigated whether the HLA DRB1*08:03-DQB1*06:01 haplo-
type and TLR4 SNPs or haplotypes were independently associated
with PBC, but found no confounding associations. Although our
prior study showed that the HLA DRB1*09:01-DQ"03:03 haplotype
was associated with disease progression [6], we observed no signif-
icant associations between TLR4 SNPs or haplotypes with late stage
PBC or cirrhosis in this study.

In conclusion, it appears that TLR4 SNPs and haplotypes are not
associated with susceptibility to PBC in Japan. Genetic variations

(23590969) and by the Ministry of Health, Labor, and Welfare of
Japan. The authors would like to thank Yuki Akahane, Asami Yama-
zaki, and Toyo Amaki for their technical assistance, and Trevor
Ralph for his English editorial assistance.
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Genome-wide Association Study Identifies TNFSF15
and POUZAFT as Susceptibility Loci for Primary
Biliary Cirrhosis in the Japanese Population
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For the identification of susceptibility loci for primary biliary cirthosis (PBC), a genome-wide association study (GWAS) was performed in
963 Japanese individuals (487 PBC cases and 476 healthy controls) and in a subsequent replication study that included 1,402 other Japa-
nese individuals (787 cases and 615 controls). In addition to the most significant susceptibility region, human leukocyte antigen (HLA),
we identified two significant susceptibility loci, TNFSF15 (154979462) and POU2AF1 (1s4938534) (combined odds ratio [OR] = 1.56, p =
2.84 x 107 for 154979462, and combined OR = 1.39, p = 2.38 x 1078 for rs4938534). Among 21 non-HLA susceptibility loci for PBC
identified in GWASs of individuals of European descent, three loci (IL7R, IKZF3, and CD80) showed significant associations (combined
P = 3.66 x 1078, 3.66 x 107, and 3.04 x 1077, respectively) and STAT4 and NFKBI loci showed suggestive association with PBC
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(combined p = 1.11 x 107¢ and 1.42 x 1077, respectively) in the Japanese population. These observations indicated the existence of
ethnic differences in genetic susceptibility loci to PBC and the importance of TNF signaling and B cell differentiation for the develop-
ment of PBC in individuals of European descent and Japanese individuals.

Primary biliary cirrhosis (PBC, MIM 109720) is a chronic
and progressive cholestatic liver disease, presumably
caused by autoimmune reactions against biliary epithelial
cells, leading to liver cirrhosis and hepatic failure.! The
incidence and prevalence of PBC range from 0.33 to 5.8
and from 2 to 40 per 100,000 inhabitants, respectively,
in different geographical areas.? This may indicate the
contribution of environmental or genetic factors in the
development of PBC, whereas the clinical profiles of PBC
are thought to be similar between different ethnicities
and/or different geographical areas, including European-
descent and eastern Asian populations. The high concor-
dance rate in monozygotic twins compared to dizygotic
twins® and familial clustering of individuals with PBC indi-
cate the involvement of strong genetic factors in the devel-
opment of PBC; however, the pathogenesis of PBC is
still poorly understood. Previous genome-wide association
studies (GWASs) and subsequent meta-analyses have iden-
tified HLA and 21 non-HLA susceptibility loci (IL12A [MIM
161560}, IL12RB2 [MIM 601642], STAT4 [MIM 600558},
IRF5 [MIM 607218], IKZF3 [MIM 606221], MMEL1 [MIM
120520], SPIB [MIM 606802], DENNDIB [MIM 613292],
CD80 [MIM 112203], IL7R [MIM 146661], CXCRS [MIM
601613], TNFRSFIA [MIM 191190], CLECI16A [MIM
611303], NFKB [MIM 164012}, RAD5S1L1 [MIM 602948],
MAP3K7IP1 [MIM 602615], PLCL2 [MIM 614276],
RPS6KA4 [MIM 603606], TNFAIP2 [MIM 603300], 7pl4,
and 16q24) to PBC in individuals of European descent,*~
indicating the important role of several autoimmune
pathways (i.e., IL12A signaling, TNF/TLR-NF-«B signaling,
and B cell differentiation) in the development of PBC.
However, GWASs for PBC have never been reported for
ethnicities other than European descent, limiting our
knowledge of the genetic architecture of PBC. Here, we
conducted a GWAS for PBC in the Japanese population
to identify host genetic factors related to PBC, which
would not only expand our knowledge of pathogenic
pathways in PBC but also lead to the development of
rationale for therapies in the future.

Samples from 2,395 individuals (1,295 cases with PBCand
1,100 healthy volunteers working at the National Hospital
Organization (NHO) in Japan as a medical staff who declared
having no apparent diseases, including chronic liver

“diseases and autoimmune diseases [healthy controls]) were
collected by members of the Japan PBC-GWAS Consortium,
which consists of 31 hospitals participating in the NHO
Study Group for Liver Disease in Japan (NHOSLJ) and 24
university hospitals participating in the gp210 Working
Group in Intractable Liver Disease Research Project Team
of the Ministry of Health and Welfare in Japan. Most of
the case and control samples were collected from the main-
land and the neighboring islands of Japan (Honshu,
Kyushu, and Shikoku). Previous studies have shown that

there is little genetic heterogeneity in resident populations
in these areas.® In fact, the genetic inflation factor was
close to 1.00, and only a small portion of the samples were
identified as outliers in the principal component analysis.
The cases were diagnosed with PBC if they met at least
two of the following internationally accepted criteria:’
biochemical evidence of cholestasis based mainly on
alkaline phosphatase elevation, presence of serum anti-
mitochondrial antibodies, histological evidence of non-
suppurative destructive cholangitis, and destruction of
interlobular bile ducts. The demographic details of PBC
cases are summarized in Table S§1, available online. Of the
487 PBC cases in the GWAS, 57 were male and 430 were
female, ages ranged from 33 to 90 years, the median age
was 66 years, 320 cases had early-stage PBC (a stage without
any signs indicating portal hypertension or liver cirrhosis),
110 had late-stage PBC without jaundice (a stage with signs
of portal hypertension or liver cirrthosis but without persis-
tent jaundice), and 57 were at the late stage with jaundice
(persistent presence of jaundice [total bilirubin >2 mg/dl]).
Of the 476 healthy controls in the GWAS, 170 were male
and 306 were female, ages ranged from 25 to 87 years, and
the median age was 40. Of the 808 PBC cases in the replica-
tion set, 120 were male and 688 were female, ages ranged
from 24 to 85 years, the median age was 61 years, 646 had
early-stage PBC, 121 had late-stage PBC without jaundice,
and 39 were at the late stage with jaundice. Of the 624
healthy controls in the replication set, 271 were male and
353 were female, ages ranged from 24 to 74 years, and the
median age was 33 years. Concomitant autoimmune
diseases are also shown in Table S1. As for inflammatory
bowel diseases such as Crohn disease (CD, MIM 266600)
and ulcerative colitis (UC, MIM 266600), only one out of
1,274 PBC cases had UC, but none had CD. DNA was ex-
tracted from whole peripheral blood with the QlAamp
DNA Blood Midi Kit (QIAGEN, Tokyo).

For the GWAS, we genotyped 1,015 samples (515
Japanese PBC cases and 500 Japanese healthy controls)
using the Affymetrix Axiom Genome-Wide ASI 1 Array,
according to the manufacturer’s instructions. After ex-
cluding three PBC samples with a Dish QC of less than
0.82, we recalled the remaining 1,012 samples (512 cases
and 500 controls) using the Genotyping Console v4.1
software. Here, Dish QC represents the recommended
sample quality control (QC) metric for the Axiom
arrays.’® Of the 600,000 SNPs embedded in the array,
samples with an overall call rate of less than 97% were
also excluded. As a result, 508 cases and 484 controls
were subjected to further analysis. All samples used for
GWAS passed a heterozygosity check, and no duplicated
and related samples were identified in identity by descent
testing. Moreover, principal component analysis found
29 outliers to be excluded via the Smirnov-Grubbs test
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GWAS Results
From 963 samples (487 Japanese PBC cases and 476 Japanese healthy controls), p values were calculated with a chi-square test for allele
frequencies among 420,928 SNPs.

Figure 1.

and finally showed that all PBC cases (n = 487) and
healthy controls (n = 476) formed a single cluster together
with the HapMap JPT (Japanese in Tokyo from the CEPH
collection), but not with CHB (Han Chinese in Beijing)
samples (Figure S1, Table S2). These results indicate that
the effect of population stratification was negligible. The
average overall call rates of the remaining 487 PBC cases
and 476 healthy controls were 99.38% (97.15-99.80) and
99.27% (97.01-99.81), respectively.!’ We then applied
the following thresholds for SNP quality control during
the data cleaning: SNP call rate >95%, minor allele
frequency >5% in both PBC cases and healthy controls,
and Hardy-Weinberg Equilibrium (HWE) p value > 0.001
in healthy controls.!? Of the SNPs on autosomal chromo-
'somes and in the pseudoautosomal regions on the X chro-
mosome, 420,928 and 317 passed the quality control filters
and were used for the association analysis, respectively
(Table S3). A quantile-quantile plot of the distribution of
test statistics for the comparison of genotype frequencies
in PBC cases and healthy controls showed that the infla-
tion factor lambda was 1.039 for all the tested SNPs,
including those in the HLA region, and was 1.026
when SNPs in the HLA region were excluded (Figures S2A

and S2B). Table S4 shows the 298 SNPs with p < 0.0001
in the GWAS. All cluster plots for the SNPs with a p <
0.0001 from a chi-square test of the allele frequency model
were checked by visual inspection, and SNPs with ambig-
uous genotype calls were excluded. For the GWAS and
replication study, a chi-square test was applied to a two-
by-two contingency table in an allele frequency model.
Figure 1 shows a genome-wide view of the single-point
association data, which are based on allele frequencies.
We found that the HLA-DQBI1 locus (MIM 604305)
had the strongest association with susceptibility to PBC
(159275175, odds ratio [OR] = 1.94; 95% confidence in-
terval [CI] = 1.62-2.33, p = 8.30 X 10713 (Figure 1 and
Table S4); this finding was consistent with findings from
previous studies.*” In addition to the HLA class II region,
loci TNFSF15 and POU2AF1 showed evidence indicative of
association with PBC (154979462, OR = 1.63; 95% CI =
1.36-1.95, p = 1.21 x 10~/ for TNFSF15; 154938534, OR =
1.53; 95% CI = 1.28-1.83, p = 3.51 x 107 for POU2AF1).
In a subsequent replication analysis, 27 SNPs with p <
0.0001 in the initial GWAS were also studied, in addition
to SNPs at the TNFSF15 and POUZAF1 loci. Tagging SNPs
were selected from the regions surrounding TNFSF15 and
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Figure 2. LD Structure, p Values, and OR Plots in the Association Analysis

LD maps (A) around TNFSF15 (chr9: nucleotide position: 116561403-116733452; build 36.3) and (B) around POU2AFI (chrl1: nucle-
otide position: 110684600~110802128; build 36.3). The middle panels show estimates of pairwise 1? for (A) 28 SNPs and (B) 33 SNPs in
the high-density mapping with a total of 2,365 samples used. The bottom panels show p values and OR-based chi-square tests for the
allelic model for the left panels of 963 samples in the GWAS (@), the right panels of 1,402 samples in the replication study (A ), and the

combined analysis (<).

POU2AF1 (28 and 33, respectively) for high-density associ-
ation mapping (Table S35, Figures 2A and 2B). For this
follow-up replication analysis, an independent set of
1,402 samples (787 Japanese PBC cases and 615 Japanese
healthy controls) and the original set of 963 samples
(487 PBC cases and 476 healthy controls) were genotyped
with the DigiTag2'® and custom TagMan SNP genotyping
assays (Applied Biosystems, Foster City, CA, USA) on the
LightCycler 480 Real-Time PCR System (Roche, Man-
nheim, Germany). The strongest associations identified
in the initial GWAS were replicated in the independent
set of 1,402 samples (OR = 1.52, p = 5.79 x 1078 for
154979462; OR = 1.29, p = 9.32 x 107* for 154938534,
Table 1). The combined p values were 2.84 x 107*
(OR = 1.56; 95% CI = 1.39-1.76) for 154979462 and
2,38 x 107® (OR = 1.39; 95% CI = 1.24-1.56) for
154938534 (Table 1), both of which reached the genome-
wide significance level of p < 5 x 1075, In contrast, the
other 27 weakly associated SNPs identified in the initial
GWAS (p values <0.0001) were not found to have signifi-
cant associations with PBC (Table S5). Moreover, no
strongly associated SNPs were observed when comparing
PBC cases between the early and late stages (Table S5).

A haplotype analysis of the TNFSF15 and POUZ2AF1
regions was conducted with the use of the genotype data
from all 2,365 samples (1,274 PBC cases and 1,091 healthy
controls). Linkage disequilibrium (LD) blocks were
analyzed with Gabriel’s algorithm,** and five blocks were
observed in the TNFSF1S5 region and seven blocks in the
POU2AF1 region (Figures 2A and 2B). There were no differ-
ences in the LD blocks between PBC cases and healthy
controls. The risk haplotypes in each region showed a
lower level of association than did the individual SNPs
(p = 8.26 x 107 for TNFSF15 and p = 1.00 x 107 for
POU2AF1) (Tables S6 and S7).

Next, we focused on data from our initial GWAS in 21
loci that are reportedly associated with susceptibility to
PBC in populations of European descent.*” We found
that three such loci (IL7R, IKZF3, and STAT4) had p values
of less than 0.001 and eight other such loci (RADSIL1,
CXCRS, PLCL2, IL12RB2, NFKB1, CD80, DENND1B, and
7pl4) showed evidence of marginal associations (p <
0.05) in the initial GWAS in 487 Japanese PBC cases and
476 Japanese healthy controls (data not shown). We geno-
typed three SNPs (156890503 for IL7R, 159303277 for
IKZF3, and 157574865 for STAT4) in an independent set
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