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ABSTRACT

IgG4-related disease (IgG4-RD) is characterized by lympho-plasmacytic infiltration and fibrosis in mul-
tiple organs, accompanied by high serum IgG4 levels. Although both IgG4-RD and Sjogren’s syndrome
(SS) frequently affect salivary and lacrimal glands, the clinical and pathological features of these two
conditions are different. In an attempt to delineate the pathomechanisms of IgG4-RD, we compared
the gene expression patterns of various molecules in labial salivary glands (LSGs) between IgG4-RD
and SS. First, using quantitative PCR, we demonstrated significantly higher mRNA expression levels of
activation-induced cytidine deaminase (AID), IL-10, and TGFf in LSGs of IgG4-RD than SS and healthy
controls (HCs). We propose that the combination of AID and IL-10 contributes to |gG4-specific
immunoglobulin class switch recombination, and that TGF induces LSGs fibrosis in IgG4-RD. Second,
DNA microarray identified 2641 differentially expressed genes (DEGs) in LSGs; with 1321 up-regulated
and 1320 down-regulated genes in 1gG4-RD, relative to SS. Among the up-regulated DEGs in 1gG4-RD,
quantitative PCR confirmed significantly higher expression levels of chemokine (C-C motif) ligand 18
(CCL18) and lactotransferrin in LSGs of IgG4-RD than SS and HCs. The former has chemotactic activity
on various types of lymphocytes and enhances collagen production from fibroblasts, while lactotrans-
ferrin is an iron-binding protein abundantly present in milk and has a wide range of functions, includ-
ing fibroblast proliferation and maturation of dendritic cells (DCs). Third, immunofluorescence staining
confirmed specific upregulation of CCL18 in macrophages, CD11c+and B cells, and plasmacytes of
LSGs-lgG4-RD. These pathological findings could help in the identification of disease-specific bio-
markers as well as development of novel therapeutic strategies.
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Introduction

IgG4-related disease (IgG4-RD) is a new disease entity regis-
tered by the Japanese in the twenty-first century, which is
characterized by lympho-plasmacytic infiltration and fibrosis
in multiple organs accompanied by high serum IgG4 levels
[1]. Although the pathogenesis of this disease has not yet
been fully clarified, many of its clinical and pathological fea-
tures have been described mainly in Japan [1]. Several types
of lymphocytes as well as cytokines produced by these cells,
such as T helper 2 (Th2) cells and Th2 cytokines (IL-4,
IL-5, and IL-13), regulatory T (Treg) cells and Treg cyto-
kines (IL-10 and TGFp), and IL-21 produced by Th2 cells
and follicular helper T (Tth) cells, have been shown to con-
tribute to the pathogenesis of IgG4-RD via B cells and plas-
macytes activation, enhancement of IgG4 class switch
recombination, development of ectopic germinal centers,
and induction of fibrosis [2,3]. More recently, other CD4™"
T cells subsets, including CD4" granzyme A" cytotoxic T
cells, which produce IFN-y in affected tissues [4], and high
proportion of peripheral Tthl and Tth2 cells [5], have
recently been demonstrated to play a role in the pathogen-
esis of IgG4-RD. Importantly, later Tfh2 cells are thought to
contribute to plasmablast differentiation and IgG4

production [5]. Furthermore, the roles of various B cell sub-
sets have also been investigated. For regulatory B (Breg)
cells, a significantly high proportion of CD19" CD24"¢"
CD3ghigh Breg cells is found in the peripheral blood of type
1 autoimmune pancreatitis (AIP), which is specifically seen
in I1gG4-RD, but not in healthy controls (HCs) or patients
with chronic pancreatitis and pancreatic cancer, whereas
CD19" CD24"8" CD27" Breg cells are decreased in AIP
[6]. However, the other study demonstrated significantly
low counts of peripheral CD19" CD24™¢" CD38"&" Breg
cells and significantly high counts of CD19" CD24~
CD38"8" B cells (which correlate positively with serum
IgG4 levels) in patients with IgG4-RD, compared with
Sjogren’s syndrome (SS) and HCs [7]. Thus, the association
between the pathogenesis of IgG4-RD and Breg cells has not
been confirmed at present. Moreover, significantly higher
numbers of peripheral CD19'" CD38" CD20~ CD27" plas-
mablasts are present in IgG4-RD compared with HCs and
other inflammatory diseases, and that this finding could be
a useful marker for both the diagnosis and the response to
therapy [8]. Based on these findings, the pathogenesis of
IgG4-RD seems to involve various CD4" T and B
cell subsets.
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Importantly, several kinds of autoantibodies have been
found in IgG4-RD, such as anti-pancreatic trypsin inhibitor
(PSTI), lactotransferrin, and carbonic anhydrase (CA) anti-
bodies in patients with IgG4-related AIP [9]. Recently,
Shiokawa et al. revealed the pathogenic roles and diagnostic
utilities of autoantibodies against laminin 511-E8, a trun-
cated laminin 511, one of the extracellular matrix (ECM)
proteins, in patients with IgG4-related AIP [10]. Moreover,
some new autoantibodies against galactin-3 [11], prohibitin
[12], and annexin All [13] also have been detected in
patients with IgG4-RD. Thus these autoantibodies might be
involved in the pathogenesis of IgG4-RD as well as diagnos-
tic markers for this disease.

In addition to these acquired immune cells and
responses, research has focused in recent years on cross-talk
with innate immune cells, such as macrophages, and den-
dritic cells (DCs) [2]. It has been demonstrated that mono-
cytes of patients with IgG4-RD produce large amounts of B
cell activating factor, belonging to the tumor necrosis factor
family (BAFF), after stimulation through the Toll like recep-
tor (TLR) and nucleotide oligomerization domain (NOD)-
like receptor (NLR) [14]. Furthermore, the in vitro studies
also showed that the induction of IgG4 class switch recom-
bination in B cells is dependent on BAFF but independent
of T cells [14]. Other studies showed significantly higher
serum levels of BAFF and proliferation-inducing ligand
(APRIL) in patients with IgG4-RD than HCs [15]. With
regard to macrophages, previous studies demonstrated the
expression of TLR7 on macrophages of AIP [16], as well as
the expression of IL-10 and chemokine (C-C motif) ligand
18 (CCL18) on CD163" M2 macrophages found in the sub-
mandibular glands of I1gG4-RD [17], suggesting they play
pathogenic roles in IgG4-RD.

To determine the pathogenic mechanisms of IgG4-RD,
we compared IgG4-RD and SS. Although both IgG4-RD
and SS frequently affect salivary and lacrimal glands, the
clinical and histopathological features of these two diseases
differ from each other [18]. We were able to obtain labial
salivary gland (LSG) tissue samples from patients with the
two diseases under minimal invasion, compared with other
organs, such as the pancreas, lung, and kidney. We antici-
pated that the results of comparisons of LSGs of IgG4-RD
with those of SS could help in understanding the pathogenic

mechanisms of IgG4-RD. In this review, we present our
findings on the pathogenesis of IgG4-RD based on com-
parative analysis of IgG4-RD and SS.

Comparison of clinicopathological features of 1gG4-
RD and SS

SS is an autoimmune disease that affects exocrine glands,
including salivary and lacrimal glands. It is characterized patho-
logically by lymphocytic infiltration into the exocrine glands,
and clinically by dry mouth and dry eyes. SS is subcategorized
into primary SS, which is not associated with any other well-
defined connective tissue disease (CTD), and secondary SS,
which is associated with other well-defined CTD [19]. Primary
SS is further subdivided into the glandular form, with involve-
ment of the exocrine glands only, and the extra-glandular form,
with involvement of organs other than exocrine glands [20].

Table 1 summarizes the differences and similarities in
clinicopathological features of SS and IgG4-related sialadeni-
tis and dacryoadenitis [18,21,22]. Although salivary and lac-
rimal gland involvement was noted in both SS and IgG4-
RD, there are major differences between the two in epi-
demiological, clinical, immunological, and pathological find-
ings as well as therapeutic responses (recovery of secretory
function) to corticosteroids. Thus, SS and IgG4-RD seem to
be similar but different diseases.

The presence of sialadenitis of LSGs is one of the main
diagnostic criteria of SS, as described in those of the 2016
American College of Rheumatology (ACR)-European
League Against Rheumatism (EULAR) [23,24], the 1999
revised Japanese Ministry of Health criteria for the diagnosis
of SS [25], the 2002 American-European Consensus Group
classification criteria for SS (AECG) [19], and the 2012 ACR
classification criteria for SS [26]. Accordingly, LSGs biopsy
is commonly performed in SS suspected patients. With
regard to the diagnosis of IgG4-related sialadenitis and
dacryoadenitis, salivary and lacrimal glands biopsy is
adopted by both the 2011 comprehensive diagnostic criteria
for IgG4-RD [27] and 2008 diagnostic criteria for IgG4-
related Mikulicz’s disease [28]. LSGs biopsy is also obtained
from IgG4-RD suspected patients, especially patients with
salivary glands swelling. Although typical pathological
changes of IgG4-RD, e.g. IgG4™" plasmacytes infiltration and

Table 1. Comparison of clinicopathological features of SS and IgG4-related sialadenitis and dacryoadenitis [18,21,22].

SS 1gG4 related sialadenitis and dacryoadenitis

Susceptible age

Gender

Dry eyes and dry mouth

Swelling of lacrimal and salivary glands

40-50 years

Present

Accompanied with allergic diseases (allergic rhinitis, Uncommon
bronchial asthma)
Rheumatoid factor and anti-nuclear antibody

Anti SS-A/SS-B antibody

Mostly positive

Increased immunoglobulin classes 19G, IgA, IgM
Increased IgG subclasses 1gG1, IgG3
Increased IgG4™" plasmacytes in tissues None
Lymphoepithelial lesions Markedly

Response to corticosteroids (recovery of
secretory function)

Poor response

Overwhelmingly female dominant

Recurrent, spontaneous regression, solitary
submandibular glands swelling is rare

Frequently positive (anti SS-A; 70%, anti SS-B; 30%)

50-60 years

Almost gender equality

None or mild grade

Markedly, persistently, sometimes solitary
submandibular glands swelling

Common

Mostly negative
Almost negative
19G, IgE

1gG4, 1gG2
Markedly

Rare

Markedly effective

SS: Sjogren’s syndrome; 1gG4-RD: |gG4-related disease.
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Figure 1. Typical pathological findings in LSGs sample in a representative
patient with 1gG4-RD. A 61-year-old female was diagnosed with 1gG4-RD based
on persistent bilateral lacrimal and submandibular glands swelling, high serum
IgG4 level (971 mg/dL), and infiltration of typical IgG4" plasmacytes and fibro-
sis of the left submandibular gland tissue obtained by needle biopsy. She also
underwent LSGs biopsy. (A) Hematoxylin and eosin staining of LSGs (original
magnification x40). Note the lymphoplasmacytic infiltration and mild fibrosis,
compared with relative conservation of the ducts and acinar cells. (B)
Hematoxylin and eosin staining of LSGs (original magnification x400). Note the
lymphoplasmacytic infiltration around the conserved ducts and acinar cells. (C)
Immunohistochemical staining for IgG4 in LSGs (original magnification x400).
Note the marked infiltration of IgG4" plasmacytes.

fibrosis, are detected in LSGs biopsy samples (Figure 1), this
IgG4-RD diagnostic modality is known to be associated
with poor sensitivity and high specificity [29]. Despite the
low sensitivity, LSGs biopsy seems to be useful for the diag-
nosis of IgG4-RD based on its high specificity and low inva-
siveness, compared with biopsies of the pancreas, lung, and
kidney. Moreover, standard LSGs samples obtained from
patients with IgG4-RD and SS could provide meaningful
comparison of the pathogenesis of the two diseases.
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Based on the above concepts, we compared IgG4-RD and
SS, especially the histopathological and immunohistochemi-
cal LSGs findings, to provide the frame work for the patho-
genic mechanisms of IgG4-RD.

Comparison of mRNA expression of IgG4-specific
and non-specific immunoglobulin class switch-
related molecules between IgG4-RD and SS

We compared the mRNA expression levels of IgG4-specific
and non-specific immunoglobulin class switch-related mole-
cules in peripheral blood mononuclear cells (PBMCs) and
LSGs in IgG4-RD, SS, and HCs [30]. Previous studies con-
firmed that Th2 cytokines (IL-4 and IL-13) and Treg cyto-
kine (IL-10) induce IgG4 and IgE-specific class switch
recombination [31,32], and that tumor growth factor (TGF)
B, a Treg cytokine, induces tissue fibrosis [33]. Furthermore,
CD40, CD154, BAFF, APRIL, activation-induced cytidine
deaminase (AID), interferon regulatory factor 4 (IRF4), and
IL-21 are also known to contribute to non-specific immuno-
globulin class switch recombination (from IgM to IgGl,
IgG2, 1gG3, IgG4, IgA, and IgE) [34-36], in conjunction
with IL-4, IL-13, IL-10, and TGEp.

Using quantitative PCR analysis [30], we examined the
mRNA expression levels of IgG4-specific immunoglobulin
class switch-related molecules, including Treg cytokines (IL-
10 and TGFp), Th2 cytokines (IL-4 and IL-13), transcrip-
tional factors (GATA3 and Foxp3), as well as IgG4-non-spe-
cific immunoglobulin class switch-related molecules (CD40,
CD154, BAFF, APRIL, AID, and IRF4). Importantly, all
LSGs samples from the patients with IgG4-RD used in this
study satisfied the histopathological criteria of the 2011
comprehensive diagnostic criteria for IgG4-RD [27]. The
mRNA expression levels of Treg cytokines (IL-10 and
TGEFp) were significantly higher in LSGs of IgG4-RD than
SS and HCs (p < .05). Furthermore, IL-4 mRNA expression
was significantly higher in LSGs of IgG4-RD than HCs
(p <.05). However, there were no significant differences in
PBMCs expression levels of various cytokines, among the
three groups. In LSGs, the expression of GATA3 was signifi-
cantly lower in IgG4-RD than in SS, and Foxp3 was signifi-
cantly higher in IgG4-RD and SS than in HCs (p <.05).
However, there was no significant difference in Foxp3
expression level between IgG4-RD and SS (Figures 2(A) and
3(A)) [30]. The mRNA expression levels of CD40 and
CD154 were significantly lower in PBMCs of IgG4-RD than
SS (p<.05). The expression of BAFF was significantly
higher in LSGs of IgG4-RD than HCs (p <.05). The expres-
sion of APRIL was significantly lower in PBMCs of IgG4-
RD than HCs (p <.05). The expression of AID was signifi-
cantly higher in LSGs of IgG4-RD than SS and HCs
(p <.05) (Figures 2(B) and 3(B)) [30].

Among these observations, we focused on the molecules
with different expression levels in IgG4-RD compared with
both SS and HCs, with the assumption that these molecules
could be IgG4-RD-specific pathogenic factors. Based on this
point of view, we demonstrated that the mRNA expression
levels of Treg cytokines (IL-10 and TGFP) and AID were
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Figure 2. The mRNA expression levels of IgG4-specific and non-specific immunoglobulin class switch-related molecules in PBMCs [30]. The displayed mRNA expres-
sion levels in peripheral blood mononuclear cells (PBMC) are relative to the mRNA level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), representing the
internal control. (A) IgG4-specific immunoglobulin class switch-related molecules, and (B) 1gG4-non-specific immunoglobulin class switch-related molecules. Data
are mean £ SD. p < .05, by Mann-Whitney's U test. HC: healthy control; SS: Sjogren’s syndrome; IgG4: 1gG4-RD.

significantly higher in LSGs of IgG4-RD than SS and HCs.
Considered together, these results suggest that up-regulation
of AID accompanied by IL-10 overexpression seem to con-
tribute to IgG4-specific immunoglobulin class switch recom-
bination, and that abundantly produced TGFB seems to
induce fibrosis in LSGs of IgG4-RD. Thus, 1gG4 class switch
recombination seems to be mainly up-regulated in affected
organs [30].

Comparison of gene expression in LSGs between
IgG4-RD and SS by DNA microarray

In the next step, we compared the LSGs gene expression
pattern among IgG4-RD (n=5), SS (n=5), and HCs
(n=3) using DNA microarray. The aim of this analysis was

to identify upstream mechanisms that play a role in the
infiltration and activation of innate and acquired immune
cells, and cross-talk between these cells (http://www.ncbi.
nlm.nih.gov/geo/, GEO Series accession number GSE40568)
[37]. All LSGs samples of IgG4-RD used in this study also
satisfied the histopathological criteria of the 2011 compre-
hensive diagnostic criteria for IgG4-RD [27]. The principal
component analysis (PCA) demonstrated three different
clusters of the gene expression patterns in LSGs of IgG4-
RD, SS, and HCs, suggesting that the gene expression pat-
tern are broadly different in IgG4-RD, SS, and HCs
(Figure 4) [37]. Since PCA demonstrated different gene
expression patterns in 1gG4-RD and SS versus HCs, we next
compared the gene expression, and identified differentially
expressed genes (DEGs) between IgG4-RD and SS in pair-
wise comparisons. Thus, 1771 probe sets (corresponding to
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Figure 3. The mRNA expression levels of IgG4-specific and non-specific immunoglobulin class switch-related molecules in LSGs [30]. The displayed mRNA expres-
sion levels in labial salivary glands (LSG) are relative to the mRNA level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), representing the internal control.
(A) 1gG4-specific immunoglobulin class switch-related molecules, and (B) 1gG4-non-specific immunoglobulin class switch-related molecules. Data are mean + SD.

*p < .05, by Mann-Whitney's U test. Abbreviations as in Figure 2.

1321 genes) were identified as up-regulated DEGs in IgG4-
RD, compared with SS, by the rank products method, with
a false discovery rate (FDR) of <.05 [37]. On the other
hand, 1785 probe sets (corresponding to 1320 genes) were
identified as down-regulated DEGs in IgG4-RD, compared
with SS [37]. The down-regulated DEGs in IgG4-RD (equal
to up-regulated DEGs in SS) included many IFN-inducible
genes, in agreement with our previous DNA microarray
study that showed overexpression of IFN-inducible genes in
LSGs of SS relative to that of the control [38].

We also applied gene-annotation enrichment analysis by
Gene Ontology (GO) annotation using the web tool DAVID
[39]. The analysis showed that the up-regulated set of DEGs
in IgG4-RD encoded proteins that function in various bio-
logical processes, such as wound healing, response to inor-
ganic substances, skeletal system development, myogenesis,
cardiogenesis, angiogenesis, cell morphogenesis and

differentiation, cell projection organization, muscle contrac-
tion, extracellular matrix organization, actin cytoskeleton
organization, cell-matrix adhesion, regulation of cell migra-
tion, regulation of cell-substrate adhesion, positive regula-
tion of cell adhesion, regulation of cell proliferation,
enzyme-linked receptor protein signaling pathways, regula-
tion of inflammatory response, and translational elongation
[37]. On the other hand, the down-regulated set of DEGs in
IgG4-RD encoded proteins that function in protein glycosy-
lation, immune response, antigen processing and presenta-
tion of peptide antigens via MHC class I, Golgi vesicle
transport, cotranslational protein targeting to cell mem-
branes, endoplasmic reticulum (ER) unfolded protein
response, and response to viruses [37]. These findings sug-
gest that IgG4-RD is ‘a cell and extracellular matrix prolif-
erative disease’, whereas SS is ‘an autoimmune disease
related to IFN signaling’.
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Figure 4. Principal component analysis for gene expression by DNA microarray
data [37]. Principal component analysis (PCA) showed different gene expression
patterns of lgG4-related disease (IgG4-RD), Sjogren’s syndrome (SS), and
healthy controls (HCs). The contribution ratio of principal component (PC) 1
was 32.9%, and that of PC2 was 23.0%. T197, T222, T226, T243, and T257; sam-
ples from patients with IgG4-RD (blue characters). T187, T188, T213, 7228, and
T258; samples from patients with SS (red characters). T180, T182, and T277;
samples from healthy controls (black characters). |gG4-RD: IgG4-related disease;
SS: Sjogren’s syndrome; HC: healthy control.

Validation of DEGs in DNA microarray by
quantitative PCR, and identification of CCL18 and
LTF among upregulated DEGs in LSGs of IlgG4-RD
compared with SS

In the next step of this study, we selected 10 DEGs from the
top 120 up-regulated DEGs in IgG4-RD (relative to SS) for
validation by quantitative PCR, based on the following
protocol. The selected DEGs had higher rank (higher than
80), smaller FDR (<0.0001), higher fold change (>1.5),
higher expression level, smaller dispersion between samples,
and functional relationship with immune/inflammatory
response, fibrosis, chemotaxis, and cell proliferation. We
selected two immune/inflammatory response-related genes
[lactotransferrin (LTF, rank 2) and collectin sub-family
member 12 (COLEC12, rank 28)], four fibrosis-related genes
[decorin (DCN, rank 5), lymphatic vessel endothelial hyalur-
onan receptor 1 (LYVEIL, rank 12), EGF-containing fibulin-
like extracellular matrix protein 1 (EFEMPI, rank 21), and
fibronectin 1 (FN1, rank 27)], three chemokines [chemokine
(C-X-C motif) ligand 12 (CXCL12, rank 7), chemokine (C-
X-C motif) ligand 14 (CXCL14, rank 10), and CCL18 (rank
71)], and a single cell proliferation-related gene [retinoic
acid receptor responder 1 (RARRES], rank 18)] [37]. We
performed quantitative PCR to validate the results of DNA
microarray analysis, using total RNA extracted from LSGs
of 9 patients with IgG4-RD, 10 patients with SS, and 4 HCs
other than the cases analyzed by DNA microarray. In the
validation study, the mRNA expression level of CCL18 was
significantly higher in IgG4-RD than in SS and HCs
(p <.05). However, there were no significant differences

among the three groups with regard to the other chemo-
kines (CXCL12 and CXCL14). Furthermore, the expression
level of LTF was significantly higher in IgG4-RD than in SS
(p <.05). Although the expression levels of the other six
genes (COLEC12, DCN, LYVEI, EFEMPI, FNI, and
RARRES1) were higher in IgG4-RD than SS and HCs, the
differences did not reach statistical significance (Figure 5)
[37]. These results confirmed overexpression of CCL18 and
LTF in LSGs of 1gG4-RD relative to SS [37].

What is known about LTF and CCL18? LTF is an iron-
binding protein abundantly present in milk. LTF has a wide
range of functions including anti-bacterial and viral activ-
ities, anti-cancer activities, wound healing, fibroblast prolif-
eration, and bone growth, in addition to iron binding [40].
Moreover, LTF has been recently reported to stimulate the
maturation of DCs and recruit various leukocytes [40].
Interestingly, it was reported that 20.8-76% of patients with
type 1 AIP had auto antibodies against LTF [41], indicating
the association between immune response against LTF and
the pathogenesis of AIP. Thus, LTF or immune response
against LTF could be associated with the pathogenesis of
IgG4-RD through the activation of innate immune
responses and fibroblast proliferation.

On the other hand, CCL18 is a CC chemokine ligand
expressed on a broad range of monocytes/macrophages and
DCs [42]. Various factors, including lipopolysaccharide
(LPS), CD40 ligand, IL-4, and IL-10, can stimulate the pro-
duction of CCL18 from these cells [42]. Interestingly, IL-10
was up-regulated in LSGs of IgG4-RD as demonstrated in
quantitative PCR analysis described above [30], and TLR4,
which is a receptor for LPS, was also significantly up-regu-
lated in IgG4-RD compared with SS in our DNA microarray
analysis (rank 658) [37]. Previous in vitro biological activity
studies reported that CCL18 had chemotactic activity on
various T cells (CD4" helper T cells, CD8" cytotoxic T
cells, naive T cells, and memory T cells), B cells (naive B
cells and germinal center B cells), and immature DCs, and
that it can induce collagen production from lung fibroblasts
[42]. A recent study also indicated that CCL18 recruited
human Treg cells [43]. Furthermore, enhanced CCL18 pro-
duction has been demonstrated in several human diseases,
including various malignancies and inflammatory joint,
lung, skin, and vessel diseases [42]. In addition to our
results, our colleague Moriyama et al. also reported IL-10
and CCL18 expression in CD163" M2 macrophages in the
submandibular glands of IgG4-RD [17]; with CCL18 being
up-regulated DEG in the submandibular glands of IgG4-RD
by DNA microarray analysis compared with chronic sialade-
nitis caused by sialolith [44]. A more recent study concluded
that serum level of CCL18 could be a useful biomarker for
evaluation of not only IgG4-RD disease activity, but also the
response to therapy [45]. Collectively, the above findings
suggest the importance of CCL18 overexpression in the
pathogenesis of IgG4-RD, through its role in fibrosis,
recruitment of various cells, including Treg cells, into the
affected organs, and association with disease activity and/or
response to therapy.



MODERN RHEUMATOLOGY 13

Immune/inflammatory response related genes

LTF (rank 2) COLEC12 (rank 28)
0.4 25
* 5 2
Z03 g
% @15
0.2 a
E g
=041 é 05
0 0
HC SS 1gG4 HC SS IgG4
Fibrosisrelated genes
DCN (rank 5) LYVE1 (rank 12) EFEMP1 (rank 21) FN1 (rank 27)
8 0.7 6 0.6
X T
T 206 o5 & 05
fat <05 % o
% L4 2 g 04
= 0. = <
g4 Los 3 ; G 03
0.1 R 0.1
0 0 0 0
HC SS 1gG4 HC SS IgG4 HC S8S IgG4 HC SS IgG4
Chemokines
CXCL12 (rank 7) CXCL14 (rank 10) CCL18 (rank 71)
- <2216 14000 { ——*
*
Bas 2 512000
< s g % 10000
S 1 2 © 8000
) = 1 = 6000
[&] (5]
%05 3 S 4000
= Sl 2000
0 0 0
HC SS IgG4 HC SS IgG4 HC S8S 1gG4

Proliferation related gene

RARRES1 (rank 18)

g

RARRES1/GAPDH

HC

SS 9G4

Figure 5. Validation of differentially expressed genes in DNA microarray by quantitative PCR [37]. Quantitative PCR analysis using labial salivary glands (LSGs) of
nine patients with 1gG4-related disease (IgG4), 10 patients with Sjogren’s syndrome (SS) and four healthy controls (HC). These patients were different from those
analyzed by DNA microarray. Data are mean+SD. *p < .05, by the Kruskal-Wallis test. LTF: lactotransferrin; COLEC12: collectin sub-family member 12; DCN:
decorin; LYVE1: lymphatic vessel endothelial hyaluronan receptor 1; EFEMP1: EGF-containing fibulin-like extracellular matrix protein 1; FN1: fibronectin 1; CXCL12:
chemokine (C-X-C maotif) ligand 12; CXCL14: chemokine (C-X-C motif) ligand 14; CCL18: chemokine (C-C motif) ligand 18; RARREST: retinoic acid receptor

responder 1.

CCL18 protein expression and CCL18-expressing
cells in LSGs of IgG4-RD

The next series of experiments were designed to identify the
cells that express CCL18 protein. First, we compared CCL18
protein expression levels in LSGs of patients with 1gG4-RD
(n=3), primary SS (pSS) (n=3), and HCs (n=3), by
immunofluorescence staining. As in our previous studies
[30,37], all LSGs samples of IgG4-RD used in this analysis
satisfied the histopathological criteria of the 2011 compre-
hensive diagnostic criteria for IgG4-RD [27]. CCL18 protein
expression was strongly detected in LSGs of IgG4-RD, but
not in those of HCs, and only a few CCLI18-positive cells

were detected in LSGs of pSS (Figure 6(A)). Next, we
assessed the types of cells that expressed CCL18 protein.
Double immunofluorescence staining identified CCLI8
expression in macrophages, CD11c+ cells, B cells, and plas-
macytes in LSGs of IgG4-RD (Figure 6(B)).

As described above, CCL18 is known to be expressed in
a broad range of monocytes/macrophages and DCs and
induced by a variety of stimuli, such as LPS, CD40L, IL-4,
and IL-10 [42]. Accordingly, we speculate that the up-regu-
lated IL-10 and LPS-TLR4 axis could play a role in the up-
regulation of CCL18 on macrophages and CD11c" cells in
IgG4-RD. Moreover, we propose that CCL18 is specifically
expressed on B cells and plasmacytes of IgG4-RD.
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Figure 6. CCL18 protein expression and CCL18-expressing cells in LSGs of IgG4-RD. (A) Comparison of CCL18 protein expression in LSGs of patients with 1gG4-
related disease (IgG4-RD, n=3), primary Sjogren’s syndrome (pSS, n=3), and healthy controls (HC, n = 3). Representative fluorescence microscopic images of
DAPI/CCL18 staining. Original magnification x600. IgG4; IgG4-related disease, DAPI; 4',6-diamidino-2-phenylindole. (B) Fluorescence microscopic images of DAPI/
cell surface markers/CCL18/merged of a representative patient (IgG4-2) with IgG4-related disease (IgG4-RD). Original magnification x600. IgG4: IgG4-related dis-

ease; DAPI: 4',6-diamidino-2-phenylindole.

Possible pathogenic mechanisms of IgG4-RD based
on comparison with SS

Our results of comparative analysis of IgG4-RD and SS,
based on quantitative PCR [30], DNA microarray [37], and
IF staining, allow us to propose the following scenario in
the development of IgG4-RD (Figure 7). First, LPS activates
several innate immune cells, e.g. macrophages and DCs, via
TLR4-mediated signaling. Actually, our DNA microarray
analysis showed up-regulated expression of TLR4 in DEGs
of IgG4-RD compared with SS [37]. The activated innate
immune cells, in addition to B cells and plasmacytes, could
produce CCL18, which exert chemotactic effects on T cells,
including Treg cells and B cells, leading to their transmigra-
tion into the affected tissues. Second, the infiltrating Treg
cells produce Treg-related cytokines, such as IL-10 and
TGEFp. Third, the Treg cell-produced IL-10 induces IgG4/
IgE class switch recombination along with AID, which is

highly expressed in affected tissues. Along with CCL1S,
TGEFp induces fibrosis. Finally, IL-10 induces up-regulation
of CCL18 production from innate immune cells. Thus, the
above proposed molecular pathological processes form a
positive feedback loop via IL-10 production. In addition,
LTF could also contribute to the pathogenesis via induction
of fibroblast proliferation and maturation of DCs.

Conclusion

The present study was based on the concept that compari-
son of LSGs of IgG4-RD and SS is suitable for meaningful
analysis of the pathogenesis of IgG4-RD. Our comparative
study using quantitative PCR, DNA microarray, and IF
staining identified the potential roles of several important
molecules (e.g. IL-10, TGF, AID, LTF, and CCL18) in the
pathogenesis of IgG4-RD. Our findings are potentially useful
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Figure 7. Possible pathogenic mechanisms of IgG4-RD established by compari-
son of IgG4-RD and SS [37, with modification]. Th2: T helper 2 cells; Treg: requ-
latory T cells; Mo: macrophages; DC: dendritic cells; TLR4: Toll-like receptor 4;
LPS: lipopolysaccharide; LTF: lactotransferrin; AID: activation-induced cyti-
dine deaminase.

for the identification of disease-specific biomarkers and the
development of novel therapies for IgG4-RD.

Acknowledgments

The authors thank Mana lizuka-Koga (Department of Internal
Medicine, Faculty of Medicine, University of Tsukuba, and
Department of Microbiology and Immunology, Keio University School
of Medicine), Hiromitsu Asashima and Hanae Kudo (Department of
Internal Medicine, Faculty of Medicine, University of Tsukuba), Yuji
Nakai (Functional Food Science and Nutrigenomics, Graduate School
of Agricultural and Life Sciences, The University of Tokyo, and
Institute for Food Sciences, Hirosaki University), Keiko Abe
(Functional Food Science and Nutrigenomics, Graduate School of
Agricultural and Life Sciences, The University of Tokyo), Masafumi
Moriyama and Seiji Nakamura (Faculty of Dental Science, Kyushu
University) for the excellent technical support. We also thank Dr F. G.
Issa for the critical reading of the manuscript.

Conflict of interest

None.

Funding

This work was supported in part by a Grant for Practical Research
Project for Rare/Intractable Diseases (IgG4-related disease) from the
Japan Agency for Medical Research and Development (AMED), and
Grants-in-Aid for Scientific Research (C) from the Ministry of
Education, Culture, Sports, Science and Technology and Japan Society
for the Promotion of Science.

References

1.  Umehara H, Okazaki K, Masaki Y, Kawano M, Yamamoto M,
Saeki T, et al. A novel clinical entity, IgG4-related disease
(IgG4RD): general concept and details. Mod Rheumatol. 2012;
22(1):1-14.

2. Umehara H, Nakajima A, Nakamura T, Kawanami T, Tanaka
M, Dong L, et al. IgG4-related disease and its pathogenesis-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

MODERN RHEUMATOLOGY 15

cross-talk between innate and acquired immunity. Int Immunol.
2014;26(11):585-95.

Moriyama M, Tanaka A, Maehara T, Furukawa S, Nakashima H,
Nakamura S, et al. T helper subsets in Sjogren’s syndrome and
IgG4-related dacryoadenitis and sialoadenitis: a critical review. J
Autoimmun. 2014;51:81-8.

Maehara T, Mattoo H, Ohta M, Mahajan VS, Moriyama M,
Yamauchi M, et al. Lesional CD4" IFN-y* cytotoxic T lympho-
cytes in IgG4-related dacryoadenitis and sialoadenitis. Ann
Rheum Dis. 2017;76(2):377-85.

Akiyama M, Yasuoka H, Yamaoka K, Suzuki K, Kaneko Y,
Kondo H, et al. Enhanced IgG4 production by follicular helper
2 T cells and the involvement of follicular helper 1 T cells in the
pathogenesis of IgG4-related disease. Arthritis Res Ther. 2016;18:
167.

Sumimoto K, Uchida K, Kusuda T, Mitsuyama T, Sakaguchi Y,
Fukui T, et al. The role of CD19% CD24high CD38"&" and
CD19" CD24"8" CD27" regulatory B cells in patients with type
1 autoimmune pancreatitis. Pancreatology. 2014;14(3):193-200.
Lin W, Jin L, Chen H, Wu Q, Fei Y, Zheng W, et al. B cell sub-
sets and dysfunction of regulatory B cells in IgG4-related dis-
eases and primary Sjogren’s syndrome: the similarities and
differences. Arthritis Res Ther. 2014;16(3):R118.

Wallace ZS, Mattoo H, Carruthers M, Mahajan VS, Della Torre
E, Lee H, et al. Plasmablasts as a biomarker for IgG4-related dis-
ease, independent of serum IgG4 concentrations. Ann Rheum
Dis. 2015;74(1):190-5.

Umehara H, Okazaki K, Kawano M, Tanaka Y. The front line of
research into immunoglobin G4-related disease - do autoanti-
bodies cause immunoglobin G4-related disease? Mod
Rheumatol. 2019;29(2):214-8.

Shiokawa M, Kodama Y, Sekiguchi K, Kuwada T, Tomono T,
Kuriyama K, et al. Laminin 511 is a target antigen in auto-
immune pancreatitis. Sci Transl Med. 2018;10(453):eaaq0997.
Perugino CA, AlSalem SB, Mattoo H, Della-Torre E, Mahajan V,
Ganesh G, et al. Identification of galectin-3 as an autoantigen in
patients with IgG4-related disease. J Allergy Clin Immunol.
2019;143(2):736-45.€6.

Du H, Shi L, Chen P, Yang W, Xun Y, Yang C, et al. Prohibitin
is involved in patients with IgG4 related disease. PLoS One.
2015;10(5):e0125331.

Hubers LM, Vos H, Schuurman AR, Erken R, Oude Elferink RP,
Burgering B, et al. Annexin All is targeted by IgG4 and IgGl
autoantibodies in IgG4-related disease. Gut. 2018;67(4):728-35.
Watanabe T, Yamashita K, Fujikawa S, Sakurai T, Kudo M,
Shiokawa M, et al. Involvement of activation of toll-like recep-
tors and nucleotide-binding oligomerization domain-like recep-
tors in enhanced IgG4 responses in autoimmune pancreatitis.
Arthritis Rheum. 2012;64(3):914-24.

Kiyama K, Kawabata D, Hosono Y, Kitagori K, Yukawa N,
Yoshifuji H, et al. Serum BAFF and APRIL levels in patients
with IgG4-related disease and their clinical significance. Arthritis
Res Ther. 2012;14(2):R86.

Fukui Y, Uchida K, Sakaguchi Y, Fukui T, Nishio A, Shikata N,
et al. Possible involvement of Toll-like receptor 7 in the develop-
ment of type 1 autoimmune pancreatitis. ] Gastroenterol. 2015;
50(4):435-44.

Furukawa S, Moriyama M, Tanaka A, Maehara T, Tsuboi H,
lizuka M, et al. Preferential M2 macrophages contribute to fibro-
sis in IgG4-related dacryoadenitis and sialoadenitis, so-called
Mikulicz’s disease. Clin Immunol. 2015;156(1):9-18.

Masaki Y, Dong L, Kurose N, Kitagawa K, Morikawa Y,
Yamamoto M, et al. Proposal for a new clinical entity, IgG4-
positive multiorgan lymphoproliferative syndrome: analysis of 64
cases of IgG4-related disorders. Ann Rheum Dis. 2009;68(8):
1310-5.

Vitali C, Bombardieri S, Jonsson R, Moutsopoulos HM,
Alexander EL, Carsons SE, et al. Classification criteria for
Sjogren’s syndrome: a revised version of the European criteria



16 H. TSUBOI ET AL.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

proposed by the American-European Consensus Group. Ann
Rheum Dis. 2002;61(6):554-8.

Tsuboi H, Asashima H, Takai C, Hagiwara S, Hagiya C,
Yokosawa M, et al. Primary and secondary surveys on epidemi-
ology of Sjogren’s syndrome in Japan. Mod Rheumatol. 2014;
24(3):464-70.

Stone JH, Khosroshahi A, Deshpande V, Chan JKC, Heathcote
JG, Aalberse R, et al. Recommendations for the nomenclature of
IgG4-related disease and its individual organ system manifesta-
tions. Arthritis Rheum. 2012;64(10):3061-7.

Yamamoto M, Suzuki C, Naishiro Y, Takahashi H, Shinomura
Y, Imai K, et al. The significance of disease-independence in
Mikulicz’s disease-revival interests in Mikulicz’s disease. Jpn ]
Clin Immunol. 2006;29(1):1-7.

Shiboski CH, Shiboski SC, Seror R, Criswell LA, Labetoulle M,
Lietman TM, et al. 2016 American College of Rheumatology/
European League Against Rheumatism classification criteria for
primary Sjogren’s syndrome: a consensus and data-driven meth-
odology involving three international patient cohorts. Ann
Rheum Dis. 2017;76(1):9-16.

Shiboski CH, Shiboski SC, Seror R, Criswell LA, Labetoulle M,
Lietman TM, et al. 2016 American College of Rheumatology/
European League Against Rheumatism classification criteria for
primary Sjogren’s syndrome: a consensus and data-driven meth-
odology involving three international patient cohorts. Arthritis
Rheumatol. 2017;69(1):35-45.

Fujibayashi T, Sugai S, Miyasaka N, Hayashi Y, Tsubota K.
Revised Japanese criteria for Sjogren’s syndrome (1999): avail-
ability and validity. Mod Rheumatol. 2004;14(6):425-34.

Shiboski SC, Shiboski CH, Criswell LA, Baer AN, Challacombe
S, Lanfranchi H, et al. American College of Rheumatology classi-
fication criteria for Sjogren’s syndrome: a data-driven, expert
consensus approach in the Sjogren’s International Collaborative
Clinical Alliance cohort. Arthritis Care Res. 2012;64(4):475-87.
Umehara H, Okazaki K, Masaki Y, Kawano M, Yamamoto M,
Saeki T, et al. Comprehensive diagnostic criteria for IgG4-related
disease (IgG4-RD), 2011. Mod Rheumatol. 2012;22(1):21-30.
Masaki Y, Sugai S, Umehara H. IgG4-related diseases including
Mikulicz’s disease and sclerosing pancreatitis: diagnostic insights.
] Rheumatol. 2010;37(7):1380-5.

Moriyama M, Ohta M, Furukawa S, Mikami Y, Tanaka A,
Maehara T, et al. The diagnostic utility of labial salivary gland
biopsy in IgG4-related disease. Mod Rheumatol. 2016;26(5):
725-9.

Tsuboi H, Matsuo N, Tizuka M, Tsuzuki S, Kondo Y, Tanaka A,
et al. Analysis of IgG4 class switch-related molecules in IgG4-
related disease. Arthritis Res Ther. 2012;14(4):R171.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Jeannin P, Lecoanet S, Delneste Y, Gauchat JF, Bonnefoy JY. IgE
versus 1gG4 production can be differentially regulated by IL-10.
J Immunol. 1998;160(7):3555-61.

Reefer AJ, Carneiro RM, Custis NJ, Platts-Mills TAE, Sung S-SJ,
Hammer J, et al. A role for IL-10-mediated HLA-DR7-restricted
T cell-dependent events in development of the modified Th2
response to cat allergen. ] Immunol. 2004;172(5):2763-72.
Biernacka A, Dobaczewski M, Frangogiannis NG. TGF-f signal-
ing in fibrosis. Growth Factors. 2011;29(5):196-202.

Clifford MS, Kenneth BM, Piotr Z. The immunoglobulin class
switch: beyond “Accessibility”. Immunity. 1997;6:217-23.

Avery DT, Bryant VL, Ma CS, de Waal Malefyt R, Tangye SG.
IL-21-induced isotype switching to IgG and IgA by human naive
B cells is differentially regulated by IL-4. ] Immunol. 2008;
181(3):1767-79.

Shaffer AL, Emre NCT, Romesser PB, Staudt LM. IRF4: immun-
ity. Malignancy! Therapy? Clin Cancer Res. 2009;15(9):2954-61.
Tsuboi H, Nakai Y, lizuka M, Asashima H, Hagiya C, Tsuzuki
S, et al. DNA microarray analysis of labial salivary glands in
IgG4-related disease: comparison with Sjogren’s syndrome.
Arthritis Rheumatol. 2014;66(10):2892-9.

Wakamatsu E, Nakamura Y, Matsumoto I, Goto D, Ito S,
Tsutsumi A, et al. DNA microarray analysis of labial salivary
glands of patients with Sjogren’s syndrome. Ann Rheum Dis.
2007;66(6):844-5.

Huang da W, Sherman BT, Lempicki RA. Systematic and inte-
grative analysis of large gene lists using DAVID bioinformatics
resources. Nat Protoc. 2009;4(1):44-57.

Vogel HJ. Lactoferrin, a bird’s eye view. Biochem Cell Biol.
2012;90(3):233-44.

Smyk DS, Rigopoulou EI, Koutsoumpas AL, Kriese S, Burroughs
AK, Bogdanos DP, et al. Autoantibodies in autoimmune pan-
creatitis. Int ] Rheumatol. 2012;2012:940831.

Schutyser E, Richmond A, Van Damme J. Involvement of CC
chemokine ligand 18 (CCL18) in normal and pathological proc-
esses. ] Leukoc Biol. 2005;78(1):14-26.

Chenivesse C, Chang Y, Azzaoui I, Ait Yahia S, Morales O, Pl¢
C, et al. Pulmonary CCL18 recruits human regulatory T cells. ]
Immunol. 2012;189(1):128-37.

Ohta M, Moriyama M, Maehara T, Gion Y, Furukawa S, Tanaka
A, et al. DNA microarray analysis of submandibular glands in
IgG4-related disease indicates a role for MARCO and other
innate immune-related proteins. Medicine (Baltimore). 2016;
95(7):e2853.

Akiyama M, Yasuoka H, Yoshimoto K, Takeuchi T. CC-chemo-
kine ligand 18 is a useful biomarker associated with disease
activity in IgG4-related disease. Ann Rheum Dis. 2018;77(9):
1386-7.



	Abstract
	Introduction
	Comparison of clinicopathological features of IgG4-RD and SS
	Comparison of mRNA expression of IgG4-specific and non-specific immunoglobulin class switch-related molecules between IgG4-RD and SS
	Comparison of gene expression in LSGs between IgG4-RD and SS by DNA microarray
	Validation of DEGs in DNA microarray by quantitative PCR, and identification of CCL18 and LTF among upregulated DEGs in LSGs of IgG4-RD compared with SS
	CCL18 protein expression and CCL18-expressing cells in LSGs of IgG4-RD
	Possible pathogenic mechanisms of IgG4-RD based on comparison with SS
	Conclusion
	Acknowledgments
	Conflict of interest
	References


