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Abstract: IgG4-related disease (RD) is a proposed concept of systemic inflammatory condition
from Japanese researchers. Patients with IgG4-RD manifest several immunological and histological
characterizations in the organs involved, including elevated levels of serum IgG4 and lympho-
plasmacytic infiltration, storiform fibrosis, IgG4-positive plasma cells infiltration, and obstructive
phlebitis. Nevertheless, the pathogenesis of IgG4-RD still remains unclear. It has been made clear
that several immune cells with regulatory function play a vital part in several diseases. In particular,
abnormalities in the function and proportion of regulatory T cells (Tregs) are implicated in several
diseases, and their part in IgG4-RD has been investigated. This review offers an overview of the
research in IgG4-RD related to Tregs. Herein, the basic information of Tregs, knowledge gained from
animal models involving Tregs, and the role of IgG4-RD has been provided. We also included the
immunological mechanisms of IgG4-RD based on the data accumulated so far in our hypothesis.
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1. Introduction

Recently, Immunoglobulin G4-related disease (IgG4-RD) has been recognized as a
systemic inflammatory disease which is histologically characterized by lymphoplasma-
cytic infiltration, IgG4-positive plasma cell infiltration, storiform fibrosis, and obliterative
phlebitis. These histological findings are based on lymphoplasmacytic sclerosing pancreati-
tis, (LPSP) and which were published in a 1991 study by Kawaguchi et al. [1]. IgG4-RD
can affect systemic involved organs resulting in swelling and hyperplasia, such as that of
the pachymeninx, hypophysis, lacrimal gland, eye, salivary gland, thyroid gland, lung,
pancreas, bile duct, retroperitonium, kidney, prostate, aorta, and other arteries [2].

In 2001, Hamano et al. published the first report relating to IgG4-RD as “scleros-
ing pancreatitis”, which is currently known as type I autoimmune pancreatitis (AIP) [3].
AIP was proposed by Yoshida et al. before Hamano’s report in 1995. They presented a
case with hyperglobulinemia, increased levels of serum IgG levels, autoantibody-positive,
diffusely enlarged pancreas, diffuse narrowing of the main pancreatic duct, histopathologic
changes with sever fibrosis, infiltration of lymphocytes, and the effectiveness of steroidal
therapy [4]. On the basis of the cases available, AIP is known to often develop extrapancre-
atic lesions (other organs involvement) and is thus regarded as a systemic disorder instead
of a pancreatitis. Subsequently, in 2006, Kamisawa et al. proposed the term “IgG4-related
sclerosing disease” [5]. Similarly, the term “IgG4-related plasmacytic disease” was coined
by Yamamoto et al. from the point of view of Mikulicz’s disease in 2006 [6]. Masaki et al.
named “IgG4-related multiorgan lymphoproliferative syndrome” from the perspective of a
lymphoproliferative disturbance in 2009 [7]. Several terms have been proposed to present
this new clinical entity. Based on these similar concepts, in 2012 these terms were unified
under the umbrella term “IgG4-RD” [8].

In 2011, International Consensus Diagnostic Criteria for Autoimmune Pancreatitis
divided AIP into two types: type 1 and type 2 [9]. Type 1 AIP is related to IgG4 and is
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identified as a part of IgG4-RD. Presently, only the term “type 1 AIP” remains in IgG4-
RD. For instance, the names of Riedel thyroiditis and Mikulicz’s disease were changed to
IgG4-related thyroiditis and IgG4-related dacryo-sialoadenitis, respectively. Type 2 AIP
histologically exhibits the infiltration of neutrophils within the lumen and epithelium of the
interlobular pancreatic ducts and granulocytic epithelial lesion (GEL), and it is completely
different from type 1 AIP. These pathological characteristics were proposed as idiopathic
duct centric chronic pancreatitis (IDCP) or AIP with GEL by Notohara et al. in 2003 [10] or
Zamboni et al. in 2004 [11], respectively.

Interleukin (IL)-10 is well known and is one of the major anti-inflammatory and
immunosuppressive cytokines that was first discovered as a cytokine secreted from T helper
Th2 cells, and it inhibits inflammatory changes by activated Th1 cells [12]. Th2 immune
response plays an important role in the pathophysiology of IgG4-RD [13]. Several IL-10-
producing regulatory cells have been recognized, including T cells [14], B cells [15], dendritic
cells [16,17], and macrophages [18]. The pathophysiology of several immune-mediated
diseases is considered to be related to regulatory T cells (Tregs) [19]. Herein, we highlight
the role of Tregs in IgG4-RD.

2. History of Regulatory T cells

Neonatal thymectomy is known to cause organ-specific autoimmune diseases in
certain mouse strains. In 1995, Sakaguchi et al. termed Tregs that were characterized as
CD4+CD25+ (IL-2 receptor α-chain) as T cells. They reported that neonatal thymectomy
induces the elimination and disappearance of Tregs from the peripheral blood to facilitate
the supply of Tregs from the thymus, and initiates autoimmune reaction similar to those
in human counterparts such as type 1 diabetes, thyroiditis, and autoimmune gastritis
from peripheral tolerance. Moreover, the development of this autoimmune reaction was
inhibited by the reconstitution of CD4+CD25+ T cells in neonatal thymectomized mice [20].

In 2001, Tregs were identified as CD4+CD25high T cells from peripheral blood by
several independent researchers in humans [21–24]. The master key gene of Tregs was
discovered as the transcription factor forkhead box P3 (Foxp3) in 2003 [25–27]. Foxp3 is a
part of the winged helix/forkhead family of transcription factors and plays an essential role
in the conservation of immune tolerance against self-antigens and, therefore, in suppressing
autoimmune diseases [19]. Activated effector Tregs (eTregs) inhibit the function, activation,
and proliferation of immunocompetent cells against microbial, environmental and self-
antigens, including T cells, B cells, several antigen-presenting cells, natural killer cells, and
NKT cells [28]. Inactivating mutations of Foxp3 result in the early onset of fatal autoimmune
diseases, which are known as immunodysregulation, polyendocrinopathy, enteropathy,
and X-linked (IPEX) syndrome in humans [19,29].

Various suppressive mechanisms have been reported via Tregs, including cell/cell
contact-dependent mechanisms through cytokines (e.g., IL-2, IL-10, IL-35, and transforming
growth factor-beta (TGF-β)), cell surface molecules (glucocorticoid-induced TNFR-related
protein (GITR), cytotoxic T lymphocyte antigen 4 (CTLA-4), T-cell immunoreceptor with
immunoglobulin and ITIM domains (TIGIT), CD25, CD39, and CD73), and intracellular or
secreted molecules (cyclic AMP, granzymes, and indoleamine 2,3-dioxygenase (IDO)), that
result in the release of suppressive cytokines or the generation of suppressive metabolic
products [19,30–34]. This ability of immunoregulation enables Foxp3+ Tregs to control
the immunological reaction in autoimmune diseases, allergic diseases, tumor immunity,
microbial infection, immunometabolic diseases, and tissue repair effectively, as well as to
maintain the immune tolerance of allograft and pregnancy [19].

What is the number of Tregs in actual diseases? Several investigators have previously
counted the number of Tregs in various diseases. Decreased numbers of CD4+CD25high

Tregs in peripheral blood have been presented in several diseases, specifically in the
patients with systemic lupus erythematosus (SLE) [35], psoriatic arthritis [36], juvenile
idiopathic arthritis [37,38], autoimmune liver disease [39], hepatitis C virus-associated
mixed cryoglobulinemia [40], and Kawasaki disease [41]. No significant difference has been
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reported in patients with type I diabetes [42,43], or multiple sclerosis compared with healthy
controls [44,45]. In Sjögren’s syndrome, the numbers of peripheral Tregs increased [46].
Opposing results have been published for the number of circulating Tregs in patients with
myasthenia gravis [47,48], rheumatoid arthritis (RA) [49–52], and inflammatory bowel
disease [53,54], with either similar or decreased levels observed.

Therefore, the number of Tregs in peripheral blood varies according to the disease
and reports, and hence it remains controversial. However, several investigators agree
that there is an increased number of FOXP3-positive Tregs in the inflamed tissue in not
only immune-mediated but also nonimmune-mediated inflammatory organs [55,56]. The
common findings of the recruitment of Tregs in the inflamed tissues might suggest that the
Tregs function is insufficient due to either cell-intrinsic or -extrinsic factors.

3. Regulatory T Cells in Animal Models of IgG4-Related Disease

Some animal models are available for understanding the role of Tregs in IgG4-RD. As
mentioned in the previous section, neonatal thymectomy induces organ-specific autoim-
mune response. The depletion of Tregs due to neonatal thymectomy initiates autoimmunity
from peripheral tolerance [18]. Several autoantibodies have been detected in type 1 AIP.
Asada et al. reported that the positive ratio of anti-lactoferrin (LF) antibody was 73.1%,
and the positive ratio of anti-carbonic anhydrase (CA)-II was 53.8% in patients with type
1 AIP [57]. To assess the role of Tregs in IgG4-RD development, the authors immunized
neonatally thymectomized mice with LF or CA-II. These immunized mice developed in-
flammatory changes in the pancreas, salivary gland, and around the bile duct. Hence,
neonatally thymectomized mice immunized with LF or CA-II sere as animal model of
human IgG4-RD, including type 1 AIP [58].

Another model is the WBN/Kob rat, which spontaneously develops pancreatitis,
sclerosinging cholangitis, sialadenitis, thyroiditis, and tubulointerstitial nephritis similar
to IgG4-RD because of congenitally decreased peripheral Tregs. A large amount of CD8+
T cells were infiltrated. Although the target antigens are unknown, CD8+ T cells might be
effector cells. The deposition of IgG2b is observed in the inflamed pancreas and lachrymal
glands [59]. Although IgG4 is not found in rodents, rat IgG2b appears to be similar to
human IgG4 [60]. Therefore, these mouse and rat models are helpful for investigating the
role of Tregs on the initiation and progression of IgG4-RD.

From the viewpoint of the function of Tregs, another mice model has been established
based on the deletion of the mammalian sterile 20–like kinase-1 (Mst1) gene. Mst1 is a
serine/threonine kinase which is recognized to be crucial in the regulation of cell trafficking
of immune cells. Mst1 was also determined to be involved in the selection of thymocyte and
was critical for the maintenance of Tregs. Mst1-knocked out mice spontaneously developed
inflammatory changes in multiple organs, which increased as the mice grew older and
autoantibodies were also detected. Mst1−/− mice showed lymphoplasmacytic infiltration
in the pancreas, liver, kidney, and lung, similar to human IgG4-RD. In more detail, Tregs
require cell–cell contact to demonstrate their immunosuppressing ability [61]. Integrin
(LFA-1) is a key molecule for cell–cell contact via Rap1 and RapL, which is regulated by
Mst-1. Therefore, Mst1-deficient Tregs cannot contact antigen-presenting cells and cannot
suppress immune reaction [61]. Mst1 kinase is critical in maintaining Treg function through
the regulation of the cell–cell contact-depending regulatory mechanism. Moreover, Mst1-
knocke out Tregs failed to inhibit antigen-specific inhibition. These data indicated that this
gene controls the function of Tregs [62].

In target organs of IgG4-RD, the infiltration of Tregs is widely recognized, as described
subsequently. The data of MRL/Mp mice stimulated with poly I:C supports this result.
Poly I:C-treated MRL/Mp mice developed inflammatory change and fibrosis in the pan-
creas associated with autoantibodies comparable to human type 1 AIP [63]. Moreover, the
immunological features of six different models stimulated with poly I:C in three differ-
ent strains of mice (MRL/Mp, C57BL/6, and BALB/c) and in three different models of
pancreatitis (cerulein-administrated, ligation of pancreatic duct-treated, and both cerulein-
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administrated and ligation of pancreatic duct-treated) by conducting a study to compare
the immunohistochemical staining of FOXP3+ Tregs in the pancreas. These three groups
provide as mouse models for acute pancreatitis (pancreatic duct ligation-treated), chronic
pancreatitis (cerulein-administrated), and severe pancreatitis (cerulein-administrated and
pancreatic duct ligation-treated). At the early stage before developing pancreatitis, abun-
dant FOXP3+ Tregs infiltrated the poly I:C-administrated MRL/Mp mice unlike other
models [64]. These findings indicate that Tregs might be affected in the initiation of
type 1 AIP.

4. Differentiation of Regulatory T Cells in Humans

The lineages from naive CD4+ T-cells toward conventional T cells and Tregs is able
to be identified in accordance with surface markers. In the thymus, entire T cell lineages
develop and start as naïve CD45RA+ T cells. Following activation in the periphery, naive T
cells differentiate into both conventional and regulatory T cells [19]. Conventional T cells
differentiate into memory T cells that are able to be reactivated. CD45RA+ (naive) Tregs are
reported in humans from two independent research groups in 2006 [65,66].

Circulating CD4+ FOXP3+ T cells are able to be separated into three fractions through
the surface makers CD4, CD25, and CD45RA, viz., fraction I (Fr. I) CD45RA+FOXP3low/
CD25low resting or naive Tregs; Fr. II CD45RA−FOXP3high/CD25high eTregs; and Fr. III
CD45RA−FOXP3low/CD25low cells (Figure 1) [67]. Fr. I is naïve Tregs and revealed several
naïve T-cell markers as CD45RA, CD62L, and CCR7. Fr. II is eTregs. Human CD45RA+

naïve Tregs (Fr. I) differentiate into eTregs (Fr. II) with the downregulation of CD45RA and
the upregulation of FOXP3 and CD25 by TCR stimulation. Fr. III is activated conventional
T cells and not Tregs despite weakly expressed FOXP3 [67]. Not only Tregs but also non-
Tregs express FOXP3+. However, it has been reported that some types of regulatory cells
may be included in Fr III. CD45RA−CXCR5+CD25lowFOXP3low T follicular regulatory
(Tfr) cells are the commonly known regulatory cells present in Fr. III [68]. Recent studies
have demonstrated that thymus-derived Tregs compose the major part of Tregs (tTregs)
in the periphery, whereas some conventional T cells in peripheral sites acquire steady
FoxP3 expression and differentiate into peripherally derived Tregs (pTregs) [69]. Naïve
conventional T cells can also differentiate in vitro to express FoxP3 in the existence of TGF-β
and IL-2, constituting in vitro induced Tregs (iTregs) [70].
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Fr. I is naïve Tregs. Fr. II is eTregs. Human CD45RA+ naive Tregs (nTregs) (Fr. I) differentiate
into effector Tregs (eTregs) (Fr. II) with the downregulation of CD45RA and the upregulation of
FOXP3 and CD25 by TCR stimulation [19,67]. In IgG4-RD, circulating nTregs were decreased and e
Tregs were increased [71]. Fr. III is primarily activated in conventional T cells and not Tregs, which
exhibit weak positive FOXP3 expression. However, CD45RA−CXCR5+CD25lowFOXP3low circulating
T follicular regulatory (Tfr) cells are Fr. III [19,67]. Tfr cells were increased and correlated with clinical
manifestations in IgG4-RD [72].

5. Regulatory T Cells in IgG4-Related Disease
5.1. Circulating Regulatory T Cells in Patients with IgG4-Related Disease

Miyoshi et al. investigated the Treg phenotype related to circulating nTreg (CD4+CD25+

CD45RA+) and eTregs (CD4+CD25high) in patients with type 1 AIP. They also investigated
patients with alcoholic or idiopathic pancreatitis and healthy controls by comparison. In
patients with type 1 AIP, the ratio of circulating nTregs was significantly lower, whereas that
of circulating eTregs was significantly higher. They cannot show the difference between
patients with type 1 AIP undergoing steroid treatment and those not undergoing it. Serum
levels of IgG4 positively correlated with the proportion of eTregs in the untreated patients
with type 1 AIP. [71].

Two functionally different subsets of eTregs in the periphery, inducible costimulatory
molecules (ICOS)+ or ICOS– eTregs, generate IL-10 or TGF-β, which is the suppressive
cytokine, respectively [73]. Kusuda et al. reported the ratio of peripheral ICOS+ Tregs
and IL-10+ Tregs in patients with type 1 AIP. They found that the proportion of ICOS+

Tregs was significantly higher in peripheral blood in patients with type 1 AIP than in the
control groups (other pancreatic diseases (alcoholic pancreatitis or idiopathic) and healthy
controls). Circulating IL-10+ Tregs also significantly expanded in patients with type 1 AIP
compared with the control groups. Furthermore, in patients with type 1 AIP, the proportion
of IL-10+ Tregs correlated positively with the serum IgG4 levels. These data indicated that
a decrease in the number of nTregs plays an initial role in the development of type 1 AIP.
The increase of the number of eTregs might be caused by a natural immunological reaction
toward inflammatory changes. These expanded numbers of eTregs include tTregs and
pTregs. Unfortunately, increased numbers of eTregs cannot control the disease condition.
In addition, an increase in the proportion of ICOS+ Tregs might encourage IgG4 production
through IL-10. In contrast, ICOS− Tregs might be affected in fibrosis through TGF-β [74].

Through which mechanism the number of eTregs increases in patients with type 1
AIP? Newly discovered cytokine as IL-35 produced by Tregs have a potent of a powerful
immunosuppression and anti-inflammation. IL-35 belongs to the IL-12 cytokine family,
which also includes IL-12, IL-23, and IL-27. IL-35 can encourage the expansion of IL-35-
producing Tregs and induce the development of regulatory B cells (Bregs) [75,76]. IL-35 has
two subunits termed IL-12A (p35) and Epstein–Barr virus-induced 3 (EBi3) [76]. Ito et al.
demonstrated that plasma levels of IL-35 were significantly increased in the patients with
type 1 AIP in comparison with patients with alcoholic pancreatitis and healthy subjects.
Both IL-12p35 and EBI3 double-positive cells were also infiltrated in the pancreas of patients
with type 1 AIP. Some of these double-positive cells also expressed FOXP3 [77]. Elevated
levels of plasma IL-35 and expression of IL-35 subunits in the tissue in patients with type
1 AIP could suppress inflammatory change through an increased number of eTregs. The
proportion of circulating CD19+CD24highCD38high regulatory B cells was increased in
patients with type 1 AIP [78]. IL-35 might also be associated with the development of
CD19+CD24highCD38high Bregs (Figure 2).
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Figure 2. Proposed pathophysiological mechanisms of type 1 AIP focusing on IL-35. The decrease of
the proportion of naïve regulatory T cells (nTregs) might participate in the initiation of type 1 AIP.
The proportion of effector regulatory T cells (eTregs) increased through a natural immune reaction.
Plasma levels of IL-35 were significantly increased in the patients with type 1 AIP. Serum IL-35 and
IL-29 elevated with various regulatory cells. IL-35 reacted on eTregs and advanced IL-35 production.
In type 1 AIP, CD19+CD24highCD38high regulatory B cells (Bregs) were increased [78]. IL-35 also
increased CD19+CD24highCD38high Bregs. This figure was reprinted from [77], with kind permission
from Springer Nature.

Recent research has clarified that rituximab was efficacious for IgG4-RD, as was glu-
cocorticoid [79]. CD19+CD27+CD20−CD38hi plasmablasts that are mostly IgG4-positive
take a vital part in the disease activity of IgG4-RD [79]. The depletion of CD20-positive pre-
cursor cells led to a rapid decrease in the proportion of CD19+CD27+CD38hi plasmablasts
when treated with rituximab, because CD19+CD27+CD38hi plasmablasts are negative for
CD20 [80]. There is significant focus on B cells in the pathophysiology of IgG4-RD. As
mentioned earlier, Tfr cells participate in the regulation of GC formation and the class-
switch recombination of B cells [81]. The proportion of circulating Tfr cells that produced
IL-10, was reported to be markedly increased in patients with IgG4-RD compared with
that in healthy elderly subjects. Furthermore, in patients with IgG4-RD, the proportion of
circulating Tfr cells significantly correlated with several clinical findings, including serum
IgG4 levels and the number of involved organs [72].

5.2. Regulatory T Cells in the Involved Organ in IgG4-Related Disease

Zen et al. clarified that Th2 immune balance Foxp3+ Tregs and regulatory cytokines (IL-
10 and TGF-β) have a vital role in type 1 AIP and IgG4-related sclerosing cholangitis (SC).
Using immunohistochemical analysis, they showed that Foxp3+ cells were more frequently
found in patients with type 1 AIP and IgG4-SC than other disease controls [13]. They also
analyzed the gene expression patterns of various cytokines in the patients with control
diseases. Their findings showed that in patients with type 1 AIP and IgG4-SC and those with
other organ involvements (IgG4-related dacrioadenitis and sialadenitis (DS)), the levels of
comparative gene expression of IL-4, IL-10, and TGF-β were all significantly greater in those
in patients with IgG4-RD than those in primary sclerosing cholangitis (PSC) and primary
biliary cirrhosis (PBC) [13]. Another report also stated that in the pancreas of patients
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with type 1 AIP, the proportion of Foxp3-positive cells that infiltrated mononuclear cells
(Foxp3/Mono) was significantly increased compared with alcoholic chronic pancreatitis
(CP); in addition, in patients with type 1 AIP, the proportion of IgG4/Mono correlated
positively with Foxp3/Mono [74]. Koyabu et al. analyzed immunohistochemical findings
in the livers of patients with IgG4-SC and PSC. They found that the proportion of IgG4/G1-
positive cells was significantly higher in patients with IgG4-SC than in patients with PSC.
In patients with IgG4-SC, the ratio of Foxp3/Mono was significantly higher than that in
patients with PSC. In addition, the number of Foxp3-positive cells in patients with IgG4-SC
correlated positively with that of IgG4-positive cells, whereas no such correlation was
shown in the other groups [82]. These results indicate that the practice of circulating eTregs
parallels that of infiltrated Tregs.

Tanaka et al. provided data about Th1/Th2 cytokines and Tregs in IgG4-related
sialadenitis (Mikulicz’s disease) using mRNA expression analysis and immunohistochem-
istry [83]. In the labial salivary glands (LSGs), various subsets of lymphocyte infiltrated
in that of patients with Sjögren’s syndrome and, however, IgG4-positive plasma cells and
Tregs selectively infiltrated in IgG4-related sialadenitis. The expression levels of mRNA
of Th2 cytokines were significantly increased in in the LSGs of patients with IgG4-related
sialadenitis than in controls, whereas the expression levels of both Th1 and Th2 cytokines in
patients with Sjögren’s syndrome were significantly increased compared to control groups.
Moreover, the gene expression of IL-4 or IL-10 in the LSGs correlated positively with the
proportion of IgG4/IgG-positive cells.

Two research groups have reported about IgG4-related kidney disease (RKD).
Mizushima et al. examined the histological characteristics of infiltrated cells including
Tregs in patients with IgG4-related tubulointerstitial nephritis (TIN) before and after steroid
therapy [84]. They clarified that before steroid treatment, histological findings showed
dense lymphoplasmacytic infiltration, infiltration of IgG4+ cells and Foxp3+ cells, and inter-
stitial fibrosis. However, after steroid therapy, these histological characteristics disappeared
in the renal interstitium. In particular, even in the initial stage of steroid treatment, the
numbers of Foxp3+ and IgG4+ cells decreased significantly, whereas a certain degree of
CD4+ or CD8+ T cells infiltration persisted into the persistent inflamed site and contin-
ued in the later stage [85]. Another study focused on Tregs in IgG4-RKD from the view
point of the fibrosis and IgG4 production. It was observed that infiltration of lympho-
cyte, plasmacyte, and eosinophil and fibrosis in the renal interstitium were more severe in
patients with IgG4-RKD than in patients with idiopathic TIN (ITIN) and kidney lesions
with Sjögren’s syndrome. The proportions of Foxp3+/CD3+ cells, IgG4+/IgG+ plasma
cells, and TGF-β1+ cells to the whole number of infiltrated cells were increased in patients
with IgG4-RKD compared with that in ITIN and those with Sjögren’s syndrome. The pro-
portion of Foxp3+/CD3+ cells corelated positively with that of IgG4+/IgG+ in patients
with IgG4-RKD. Moreover, in patients with IgG4-RKD, a positive correlation was found
between the ratio of Foxp3+/CD3+ cells and that of TGF-β1+ cells to the whole number of
infiltrating cells. In addition, in patients with IgG4-RKD, Foxp3+ cells and TGF-β1+ cells
were colocalized in the interstitium. In patients with IgG4-RKD the proportion of TGF-β1+

cells to the whole infiltrated cells also correlated significantly with the intensity of fibrotic
change. The distribution of type III and type IV collagen in the interstitium was also denser
in patients with IgG4-RKD compared with those with Sjögren’s syndrome. Regarding the
Th1/Th2 immune environment, the proportion of CXCR3+/CD3+ cells which is Th1 was
increased in patients with Sjögren’s syndrome compared to those with IgG4-RKD and ITIN.
Conversely, there is no significant difference in the proportion of CCR4+/CD3+ (Th2) cells
among three diseases groups [86].

Altogether, these studies on the role of Tregs in not only type 1 AIP but also IgG4-RD
have clearly demonstrated that the disease is associated with substantial Treg infiltration
in the involved organs [13,74,83–86]. Tregs might be involved in the initiation of IgG4
production via IL-10. Furthermore, Tregs might be participating in fibrosis via TGF-β [74].



Immuno 2022, 2 437

6. Functional Disorders of Regulatory T Cells in IgG4-Related Disease

From the data of the previous research results which is described in the abovemen-
tioned section, the following type of question is pertinent. Why can inflammatory reaction
not be effectively controlled in patients with IgG4-RD despite the augmentation of Tregs in
the involved organs? There are two possible explanations: the severity of inflammation
is extremely severe for the Tregs to overcome and/or that the function of Tregs is insuffi-
ciently reacted in these inflammations. As mentioned earlier, the phenotype of Mst-1−/−

mice is similar to that of IgG4-RD. Tregs from Mst1−/− mice lose their regulatory function.
Hence, Mst1−/− mice are not able to prevent the immunological reaction, because Tregs
from Mst1−/− mice lose their regulatory function. Hence, Mst1−/− mice cannot prevent an
autoimmune reaction [61,62]. Fukuhara et al. reported that the gene expression of MST1
was downregulated in the Tregs of patients with type 1 AIP significantly in comparison
to that in healthy controls. Furthermore, they also identified that the number of CpG
methylation sites in the 5′ region of MST1 was increased in patients with type 1 AIP. This
increased frequency of methylated CpG sites correlated positively with the number of
involved extrapancreatic lesions. These data indicate that the decrease in the expression
of the MST1 gene in Tregs in patients with type 1 AIP as a result of hypermethylation of
the promoter involved in the pathophysiology dose influence systemic manifestation in
IgG4-RD [87].

7. Our Hypothesis of the Pathophysiology of IgG4-Related Disease

On the basis of the data accumulated so far and summarized herein, we will pro-
vide the following hypothesis for the pathophysiological mechanisms of IgG4-RD. The
decrease of the numbers of naive Tregs and CD19+CD24highCD27+ Bregs play an essen-
tial role in the development of IgG4-RD. Furthermore, the number of eTregs and that of
CD19+CD24+CD38high Bregs expand because of a natural reaction against inflammation
through IL-35. Basophils in the involved organs recruit inflamed monocytes and differ-
entiate to M2 macrophages from inflamed monocytes. The Th2 immune environment
derived from basophils and M2 macrophages promote disease progression. The increased
numbers of eTregs are divided into two subtypes: ICOS-positive and ICOS-negative Tregs.
In adaptive immunity, IL-10 produced by ICOS+ Tregs induce the differentiation from B
cells to IgG4-producing plasma cells. In an innate immune reaction, monocytes and ba-
sophils are also regulating IgG4-production through BAFF via TLR and nucleotide-binding
oligomerization domain (NOD)-like receptor signaling. Neutrophils also influence IgG4
production through neutrophil extracellular traps (NETs). ICOS-negative Tregs and M2
macrophages, which perform a suppressive function against inflammation, may regulate
fibrosis via TGF-β. Both adaptive and innate immunity may influence the production of
IgG4 and fibrosis (Figure 3) [72].



Immuno 2022, 2 438

Immuno 2022, 2, FOR PEER REVIEW 9 
 

 

binding oligomerization domain (NOD)-like receptor signaling. Neutrophils also influ-
ence IgG4 production through neutrophil extracellular traps (NETs). ICOS-negative Tregs 
and M2 macrophages, which perform a suppressive function against inflammation, may 
regulate fibrosis via TGF-β. Both adaptive and innate immunity may influence the pro-
duction of IgG4 and fibrosis (Figure 3) [72]. 

 
Figure 3. Proposed hypothesis for the pathophysiology of IgG4-RD. A reduction in the numbers of 
naïve regulatory T cells (Tregs) and CD19+CD24highCD27+ regulatory B cells (Bregs) might be re-
sponsible for the initiation of IgG4-RD, including type 1 AIP. The number of effector Tregs (eTregs) 
and CD19+CD24+CD38high Bregs increased reactively. Basophils recruit inflamed monocytes into tar-
get organs and also differentiate to M2 macrophages. ICOS-positive Tregs might control IgG4 pro-
duction via IL-10, monocytes and basophil also control IgG4 production via BAFF through the path-
way using NOD-like receptor and TLR signaling. M2 macrophages and ICOS-negative Tregs might 
regulate fibrosis. M2 Φ and basophil might also influence the environment in IgG4-RD. Neutrophils 
also contribute to IgG4 production through NETs. The figure was reprinted from [72]. 

8. Conclusions 
Tregs may be critically important in the pathogenesis of IgG4-RD. However, the pre-

cise mechanism underlying the immune reaction mediated by Tregs is still unclear. It will 
be extremely important to clarify the role of Tregs in IgG4-RD. 

Funding: This study was partially supported by (1) JSPS KAKENHI Grant Numbers 24591020, 
15K09052, 18K07921, 21K07943 and (2) a Grant-in-Aid for “Research for Intractable Diseases” Pro-
gram from the Ministry of Health, Labor and Welfare of Japan. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this review are available on request from the 
corresponding author. 

Acknowledgments: Figure 2 was reprinted from J. Gastroenterol., Ito T et al. Interleukin-35 pro-
motes the differentiation of regulatory T cells and suppresses Th2 response in IgG4-related type 1 
autoimmune pancreatitis. J. Gastroenterol. 2020, 55, 789–799, with permission from SPRINGER NA-
TURE. 

Figure 3. Proposed hypothesis for the pathophysiology of IgG4-RD. A reduction in the numbers
of naïve regulatory T cells (Tregs) and CD19+CD24highCD27+ regulatory B cells (Bregs) might be
responsible for the initiation of IgG4-RD, including type 1 AIP. The number of effector Tregs (eTregs)
and CD19+CD24+CD38high Bregs increased reactively. Basophils recruit inflamed monocytes into
target organs and also differentiate to M2 macrophages. ICOS-positive Tregs might control IgG4
production via IL-10, monocytes and basophil also control IgG4 production via BAFF through the
pathway using NOD-like receptor and TLR signaling. M2 macrophages and ICOS-negative Tregs
might regulate fibrosis. M2 Φ and basophil might also influence the environment in IgG4-RD.
Neutrophils also contribute to IgG4 production through NETs. The figure was reprinted from [72].

8. Conclusions

Tregs may be critically important in the pathogenesis of IgG4-RD. However, the precise
mechanism underlying the immune reaction mediated by Tregs is still unclear. It will be
extremely important to clarify the role of Tregs in IgG4-RD.
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