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Abstract IgG4-related disease (IgG4-RD) is a systemic disease characterized by
elevated serum IgG4 levels and a strong infiltration of IgG4-positive plasma cells in
various organs. IgG4-RD patients also frequently suffer from allergic diseases,
including asthma and atopic dermatitis. It is well known that T helper type 2 (Th2)
cells have an important role in the initiation of allergic diseases, and Th2 cytokines
such as interleukin (IL)-4 and IL-13 promote class switching to IgG4. Therefore,
IgG4-RD is considered to be a Th2-predominant disease. However, other Th
subsets, including regulatory T cells and T follicular helper cells, have recently
received increasing attention with regard to the pathogenesis of IgG4-RD.
Exploring the interconnected network of Th subsets in IgG4-RD is a highly
promising field of investigation. In this review, we focus on the localization and
functions of individual Th subsets to clarify the involvement of these cells in the
pathogenesis of IgG4-RD.

Contents

I INETOAUCTION. ...ttt sttt ettt ettt ettt eees
2 TRI/TR2 BalANCE ..ottt ettt ettt sbe ettt eat et eseebeeneas
3 Other CD4" T HEIPET SUDSELS ....vvuvvieierieiiieieeicieteseeseeieieses et sesessses
3.1 TRIT CEILS cueiiiiieee ettt ettt
3.2 THEZ CILS ettt

Competing interests: The authors declare no competing interests.

M. Moriyama
OCT Research Center, Faculty of Dental Science, Kyushu University, Fukuoka, Japan

S. Nakamura (D<)

Division of Maxillofacial Diagnostic and Surgical Sciences, Section of Oral
and Maxillofacial Oncology, Faculty of Dental Science, Kyushu University,
3-1-1 Maidashi, Higashi-ku, Fukuoka 812-8582, Japan

e-mail: seiji@dent.kyushu-u.ac.jp

© Springer International Publishing Switzerland 2016
Current Topics in Microbiology and Immunology
DOI 10.1007/82_2016_40




M. Moriyama and S. Nakamura

3.3 TR CElIS ottt ettt ettt ettt et ete et et e et e te et e ae b e ete et e eaeennans
3.4 CDAY CTL CElIS uouiuiuiieieeeieeeeeeeceeeeteeetete e sttt s s sssse st s e s sessesensena
A CONCIUSIONS. ....veeetietie ettt ettt et et e et e et e e eaee e teeeaeesaseeseeesbeeesseenssaesseeasseesaesnseessnean
RETETEICES ...ttt ettt et e et et e e st e b e e st ebeeseesseessesseessesseessensesseessesssensenseans

1 Introduction

IgG4-related disease (IgG4-RD) is a novel clinical entity characterized by severe
fibrosis and marked infiltration of IgG4-positive plasma cells with hyperplastic
ectopic germinal centers (GCs) in multiple target organs, including the pancreas
(Hamano et al. 2001), bile duct (Zen et al. 2004), kidney (Takeda et al. 2004), lung
(Zen et al. 2009), lymph nodes (Sato et al. 2009), thyroid (Dahlgren et al. 2010),
retroperitoneum (Hamano et al. 2002), and lacrimal and salivary glands (Yamamoto
et al. 2005). IgG4-RD has a wide range of presentations, such as autoimmune
pancreatitis (AIP), cholangitis, interstitial nephritis, interstitial pneumonitis, lym-
phadenopathy, Riedel thyroiditis, retroperitoneal fibrosis, and Mikulicz’s disease.
Notably, IgG4 is a T helper type 2 (Th2)-dependent immunoglobulin and has
low affinity for its target antigen. Th2 cytokines such as interleukin (IL)-4 and IL-10
direct naive human B cell immunoglobulin isotype switching to IgG4 and IgE
production (Meiler et al. 2008). As shown in Fig. 1, at least six subsets of CD4* Th
cells have been identified to date: ThO, Thl, Th2, Th17, regulatory T (Treg), and
follicular helper T (Tth) cells, which are generally considered to maintain home-
ostasis of the immune system. Interestingly, various diseases may be induced by the
impaired regulation of these cells (King et al. 2008). Recent studies suggested that
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particular Th subsets might be involved in the initiation of IgG4-RD (van der Neut
et al. 2007; Rispens et al. 2009). This review will summarize the results of recent
studies seeking to understand the role of Th cell subsets in IgG4-RD.

2 Th1/Th2 Balance

Thl cells produce IL-2, interferon (IFN)-y, and tumor necrosis factor (TNF)-a,
which induce the inflammatory responses responsible for cellular immunity. In
contrast, Th2 cells produce IL-4, IL-5, and IL-13, which provide help for humoral
immunity. Th2 responses can also counteract Thl-mediated microbicidal action.
Many allergic and autoimmune disorders are associated with polarization of the
Th1/Th2 balance (Kennedy et al. 1992; Rapoport et al. 1993). IL-4 causes
immunoglobulin isotype switching to IgG4 and IgE production (Punnonen et al.
1993). IgG4-RD patients also frequently develop allergic disease, including bron-
chial asthma, allergic rhinitis, and atopic dermatitis, with severe eosinophilia and
elevation of serum IgE levels (Zen et al. 2007). Thus, many studies of this disease
suggest that Th2 polarization contributes to the pathogenesis of IgG4-RD (Zen et al.
2007; Tanaka et al. 2012; Nakashima et al. 2010; Maehara et al. 2012b; Miyake
et al. 2008). We also previously reported that peripheral CD4" Th cells from
patients with IgG4-related dacryoadenitis and sialadenitis (IgG4-DS), so-called
Mikulicz’s disease, revealed deviation of the Th1/Th2 balance toward Th2 (Miyake
et al. 2008). Furthermore, the expression profile of cytokines in salivary glands
from patients with [gG4-DS suggested that Th2 immune reactions might play a key
role in IgG4 production (Tanaka et al. 2012).

However, the mechanism of Th2 immune activation in IgG4-RD remains to be
clarified. In a recent study, we focused on IL-33 as a recently identified cytokine
that directly stimulates ST2, the IL-33 receptor, expressed by Th2 cells, eosino-
phils, and mast cells, to induce production of IL-4, IL-5, and IL-13 (Schmitz et al.
2005). IL-33 is mainly expressed by epithelial cells but also by a wide variety of
cell types, including dendritic cells, macrophages, fibroblasts, mast cells, and
osteoblasts. Our current data demonstrate that the expression of IL-33 in salivary
glands from IgG4-DS patients is significantly higher than that in patients with
chronic sialadenitis and healthy controls. Interestingly, the expression of IL-33 in
salivary glands was detected around ectopic GCs only in IgG4-DS patients. To
confirm the identity of IL-33-producing cells around ectopic GCs, we analyzed the
coexpression of immune cell markers and IL-33. The localization of IL-33 was
consistent with that of CD163-positive M2 macrophages. In addition, mRNA
expression of IL-33 was positively correlated with that of Th2 cytokines only in
IgG4-DS patients (manuscript in preparation). These results suggest that the main
IL-33 producing cells in IgG4-DS might be M2 macrophages and that they are
deeply involved in activation of Th2 immune responses.

In contrast, Okazaki et al. (2000) examined the Th1/Th2 balance in peripheral
blood mononuclear cells (PBMCs) in patients with AIP. The number of CD4" Th
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cells producing IFN-y and the amount of IFN-7y secreted per cell were significantly
increased compared with controls. However, IL-4 was not increased, suggesting
that AIP might be mediated by a Th1-predominant immune reaction. With regard to
the other organs, several studies reported that I[gG4-DS showed a predominance of
Thl cells similar to IgG4-related sclerosing sialadenitis (Ohta et al. 2012).
Moreover, Mattoo et al. (2014) analyzed circulating Th2 memory cells and reported
that only IgG4-RD patients who had a history of atopic dermatitis showed an
increase in circulating Th2 memory cells. They concluded that IgG4-RD promotes
Th2 responses resulting from concomitant atopic manifestations. This discrepancy
between studies might be explained by the aberrant activation of Th2 responses
caused by differences in the severity of the disease or the presence of allergic
disease.

3 Other CD4" T Helper Subsets
3.1 Thil7 Cells

The Th1/Th2 paradigm was expanded by the identification of Th17 cells, a subset
of CD4™ Th cells characterized by their ability to produce IL-17 and expression of
the transcription factor RORyt, and which play a crucial role in the induction of
autoimmunity and allergic inflammation by mediating the recruitment of neu-
trophils and macrophages to affected tissues (Infante-Duarte et al. 2000). Our
previous data demonstrated that both Thl and Th17 cells that infiltrated around
ductal epithelial cells might be deeply involved in the initiation of Sjogren’s syn-
drome, a chronic autoimmune disease targeting the exocrine glands, specifically the
salivary and lacrimal glands (Moriyama et al. 2012; Maehara et al. 2012b). In
contrast, IgG4-DS showed non-periductal lymphocytic infiltration and mild
destruction of epithelial cells. However, Th-17-related molecules were rarely seen
in the salivary glands (Tanaka et al. 2012; Maehara et al. 2012a). From these
findings, we speculate that IgG4-DS might not be a Thl7-mediated autoimmune
disease.

3.2 Treg Cells

Treg cells are essential for the maintenance of immunological self-tolerance and
immune homeostasis by direct contact with effector immune cells or by the
secretion of anti-inflammatory cytokines, such as IL-10 and transforming growth
factor (TGF)-P. Treg cells exert their effects through the modulation of both T and
B cell responses, and two subsets of Treg cells, CD4* CD25" Foxp3* Treg cells and
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IL-10-producing Trl cells, play a key role in regulating effector T cell functions
(Shevach et al. 2006).

Allergic immune responses develop in response to the Th2 cytokines IL-4 and
IL-13, which are responsible for IgG4 and IgE production by B cells. Interestingly,
it was shown that the class switching to IgG4 is caused by co-stimulation with IL-4
and IL-10 and that IL-10 decreased the switching of IL-4-induced IgE but elevated
the switching of IL-4-induced IgG4. This specific isotype switching is regarded as a
‘modified Th2 response’ (Maizels and Yazdanbakhsh 2003). Zen et al. (2007)
reported that CD4* CD25" Foxp3* Treg cells strongly infiltrated into the affected
tissues and produced IL-10 and TGF- in cases of IgG4-related sclerosing pan-
creatitis and cholangitis. In addition, we found that mRNA expression of IL-4,
IL-10, and Foxp3 in salivary glands from patients with IgG4-DS was positively
correlated with the IgG4/IgG ratio obtained immunohistochemically (Tanaka et al.
2012). These results suggest that Th2 and regulatory immune reactions might
promote B cells to produce IgG4.

3.3 Tfh Cells

Tth cells were identified as a unique Th phenotype, contributing to isotype
switching, somatic hypermutation, and GC formation. Several studies reported that
Tth cells control the functional activity of effector Th cells and promote ectopic GC
formation via IL-21, which impairs B cell differentiation (Vinuesa et al. 2010). IL-4
and IL-21 receptor knockout mice have significantly reduced IgG responses,
indicating that IL-21 cooperates with IL-4 to regulate humoral immune responses
(Ozaki et al. 2002). Furthermore, IL-21 directly inhibits IL-4-induced IgE pro-
duction and induces the switching to IgG4 by co-stimulation with IL-4 and IL-21
(Kitayama et al. 2008). We previously found that expression of IL-21 correlated
with the number of GCs formed in salivary glands from patients with IgG4-DS,
further suggesting that aberrant IL-21 production might induce multiple GC for-
mation and the switching of IgG4.

Recent studies demonstrated that the Tth population comprises functionally
distinct subsets characterized by specific patterns of surface antigens and that at
least three subsets exist: Tth1, Tth2, and Tfh17 cells (Morita et al. 2011). Tth1 cells
secrete IFN-y upon activation and have limited class switching activity. Tth2 and
Tth17 cells induce the switching of various immunoglobulin isotypes (IgM, IgA,
IgG, and IgE). Akiyama et al. (2015) reported that the number of circulating Tth2
cells was increased in IgG4-RD and correlated with the number of plasmablasts and
serum IgG4 and IL-4 levels. Moreover, the number of plasmablasts and levels of
serum IgG4 and IL-4 decreased after glucocorticoid treatment, while that of Tth2
cells remained unchanged. They concluded that Tfh2 cells are the underlying
pathogenic T cell population in IgG4-RD.
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3.4 CD4* CTL Cells

Cytotoxic CD4" T cells (CD4* CTLs) are characterized by the production of IFN-y,
granzyme B, and perforin, and are distinct from any conventional CD4" Th subset
(Van de Berg et al. 2008). Mattoo et al. (2016) reported that circulating CD4* CTLs
were clonally expanded in IgG4-RD and the dominant T cells in disease tissues.
The circulating CD4" SLAMF7* CTLs in IgG4-RD patients declines concomitant
with a clinical response to rituximab therapy. In addition, the ratio of CD4" GraB™*
CTLs in IgG4-DS lesions was positively correlated with the serum IgG4 levels, as
well as the number of affected organs. This suggests that the dysregulation of CD4*
CTLs might play a key role in the pathogenesis of IgG4-RD.

4 Conclusions

The physiological role of IgG4 antibody in IgG4-RD is poorly understood. IgG4
antibodies are generally considered to have a poor ability to activate complement
and immune complex formation, which leads to anti-inflammatory activity.
Moreover, specific antigens recognized by IgG4 have yet to be identified. From
these findings, we speculate that the aberrant IgG4 production in IgG4-RD does not
behave as a tissue-destructive immunoglobulin, but as a secondary reactive
response induced by a unique cytokine milieu (Fig. 2).

Innate immunity has recently received much attention regarding the initiation of
IgG4-RD. Several studies indicated that abnormal innate immune responses via
toll-like receptors (TLRs) expressed by monocytes/macrophage enhanced Th2
immune responses and the immunopathogenesis of IgG4-RDs (Watanabe et al.
2012; Fukui et al. 2015). Macrophages are known to play an important role in the
immune response to foreign substances or microbes by presenting pathogen anti-
gens to antigen-specific Th cells. Notably, M2 macrophages scavenge debris and
contribute to angiogenesis, wound healing, and fibrosis by producing IL-10 and
CCLI18 (Van Gorp et al. 2010). Thus, we have analyzed the relationships between
M2 macrophages and the initiation of IgG4-RD and demonstrated the predominant
infiltration of M2 macrophages in affected lesions from patients with IgG4-RD
(Furukawa et al. 2015). In our latest study, we performed microarray analysis of
gene expression in salivary gland samples to identify innate immune molecules and
found that macrophage receptor with collagenous structure (MARCO) was iden-
tified as a disease-associated molecule in IgG4-RD. Moreover, the expression
pattern of MARCO was consistent with that of the M2 macrophage marker CD163
(Ohta et al. 2016).

Thus, research accumulated in recent years has enhanced our understanding of
the immunological background of IgG4-RD. However, additional research is still
required to further elucidate the pathogenesis of IgG4-DS, especially the connection
between innate and adaptive immunity.
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Fig. 2 Schematic model of Th subsets in IgG4-RD. Th2, Treg, and Tfh2 cells play key roles in
GC formation and IgG4 production. Treg cells and CD4" CTLs promote local fibrosis by IL-1B
and TGF-f
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