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Purpose of review

New insights into IgG4-related disease (IgG4-RD) have recently been obtained. A better understanding of
the mechanisms underlying this disease is important for identification of therapeutic targets, which will lead
to the development of specific strategies for treatment.

Recent findings

Infiltration of activated T follicular helper (Tfh) cells is observed in affected tissues of IgG4-RD. Such Tfh cells have
a greater capacity than tonsillar Tfh cells to help B cells produce IgG4. Circulating PD-1hiCXCR5- peripheral
T helper (Tph)-like cells are also increased in patients with IgG4-RD. Because Tph-like cells express high levels of
chemokine receptors and granzyme A, they have the capacity to infiltrate affected tissues and exert a cytotoxic
function. Tph-like cells can also produce CXCL13, and CXCR5þ Tfh cells and B cells are therefore preferentially
recruited to form ectopic lymphoid structures in the sites. Tph cells may have a role to ignite inflammation and
maintain persistent fibroinflammation in collaboration with Tfh cells in lesions of IgG4-RD.

Summary

Recent advances in understanding the pathogenesis of IgG4-RD are remarkable. In this review, we
summarize and discuss the possible pathologic role of CD4þ T-cell subsets in IgG4-RD.
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IgG4-related disease (IgG4-RD) is a chronic fibroin-
flammatory disease characterized by a significant
elevation of serum IgG4 concentration and marked
infiltration of IgG4-positive plasma cells in an
affected organ or affected organs such as lacrimal
glands, salivary glands, lymph nodes, pancreas, ret-
roperitoneum, and lungs [1]. A dense lymphoplas-
macytic infiltrate and the formation of ectopic
lymphoid structures (ELSs) are characteristic histo-
pathological findings in an IgG4-RD lesion
[Figure 1]. These findings strongly suggest the pref-
erential involvement of T and B lymphocytes in the
development of this disease. Since the establish-
ment of this disease entity, a number of studies have
been performed for clarifying the immunological
mechanisms of this disease. T cells and their subsets
were focused on in the early period of IgG4-RD
research. T helper 2 (Th2) cells [2–7] and regulatory
T (Treg) cells [2,4,7–10] were considered as candi-
dates of a main player in IgG4-RD. After such studies
on CD4þ T cells, T follicular helper (Tfh) cells
[11,12

&

,13
&&

,14–16] and CD4þ cytotoxic T lympho-
cytes (CD4þCTLs) [17

&&

,18
&

] were suggested to play a
cardinal role in the immunological settings of IgG4-
uthor(s). Published by Wolters Kluwe
recently identified other new CD4þ T cell subsets
including PD-1hiCXCR5- peripheral T helper (Tph)-
like cells and T follicular regulatory (Tfr) cells in blood
of patients with IgG4-RD and we found that they are
significantly correlated with various clinical param-
eters [19

&&

] (F Ito, R Kamekura, unpublished data).
Because of their function for secretion of chemokines
such as CXCL13, which is a ligand of CXCR5, Tph
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KEY POINTS

� There has been an accumulation of direct evidence of
the involvement of new CD4þ T-cell subsets such as
CD4þ CTL cells, Tfh cells, Tph cells, and Tfr cells in the
pathogenesis of IgG4-RD.

� Functionally specialized Tfh cells infiltrate affected
lesions of IgG4-RD and have a great capacity to help
B cells produce IgG4.

� Tph cells have a potential role in the initiation of
inflammation and maintenance of chronic
fibroinflammation in collaboration with Tfh cells in
lesions of IgG4-RD.

� In order to develop a new drug for IgG4-RD, studies
using an animal model of this disease that can provide
answers to all of the questions regarding
immunological mechanisms are needed.

Vasculitis syndromes
cells have a potential role in the initiation of inflam-
mation and subsequently lead to the characteristic
immune responses in collaboration with CXCR5-
expressing lymphocytes such as Tfh cells and B cells
in lesions of IgG4-RD. There has been an accumula-
tion of direct evidence regarding the involvement of
CD4þ T-cell subsets in the immunological mecha-
nisms of IgG4-RD [13

&&

,20]. In this review, we sum-
marize the rolesofCD4þT-cell subsets and discuss the
possible interplay between Tfh cells and Tph cells in
the pathogenesis of IgG4-RD.
FIGURE 1. Histopathology of IgG4-related disease. (a) Formatio
gland from a patient with IgG4-related dacryoadenitis and sialoade
(a). A section of submandibular glands was stained with hematoxyli
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Th2 CELLS AND ALLERGIES

Patients with IgG4-RD often have allergic disorders
such as bronchial asthma and allergic rhinitis [21].
Indeed, levels of Th2 cells and Th2 cytokines includ-
ing interleukin (IL)-4, IL-5, and IL-10 are frequently
increased in affected tissues or peripheral blood of
patients with IgG4-RD [2–5,7]. Of note, Culver et al.
reported associations of IgG4-RD with allergy,
atopy, eosinophilia, increased serum levels of IgE,
and IgE-positive mast cells in lymphoid and affected
tissues. They concluded that levels of IgE could be
used for diagnosis and predicting relapse [6]. Taken
together, the results suggest that Th2 cells and IgE-
mediated allergic response play a role in the patho-
genesis of IgG4-RD.

However, several recent studies have shown
controversial results. Mattoo et al. reported that
circulating memory Th2 cells in IgG4-RD are
detected in a limited population of subjects with
atopy [22]. They also showed that CD4þGATA3þ

Th2 cells were sparse in affected tissues of IgG4-
related dacryoadenitis and sialoadenitis (IgG4-DS),
which is an archetype of IgG4-RD postulated as
Mikulicz disease [17

&&

,18
&

]. In addition, the percent-
age of tissue CD4þGATA3þ Th2 cells in IgG4-RD
does not seem to be correlated with clinical param-
eters such as serum IgG4 concentrations and the
number of affected organs [17

&&

]. Our group has also
provided evidence suggesting that clinical values
indicating allergic status such as specific IgE against
allergens are not important in the pathological
n of ectopic lymphoid structures (arrows) in a submandibular
nitis. (b) High magnification image of the dotted square area in
n and eosin. Scale bars are 500 mm in (a) and 200 mm in (b).
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mechanism of IgG4-DS (M. Yamamoto, R. Kame-
kura, unpublished data). Therefore, it is still not
clear how classic Th2 cells and IgE-mediated allergy
are involved in the pathogenesis of IgG4-RD.
Treg CELLS

Histopathologically, infiltration of IgG4-positive
plasma cells accompanied by storiform fibrosis is
usually observed in affected tissues of IgG4-RD
[1,23]. It is well known that IL-10 and TGF-b are
key cytokines for IgG4 class-switching and fibrosis,
respectively [24–26]. Therefore, regulatory T (Treg)
cells have been focused on from the early period of
IgG4-RD research as a pathognomonic source of IL-
10 and TGF-b. Indeed, several studies have shown an
increased number of Treg cells and increased expres-
sion level of their master regulator, Foxp3, in both
affected sites and circulating leukocytes in patients
with IgG4-RD [2,4,7–10]. We also found increased
levels of Treg cells in blood and affected tissues of
patients with IgG4-RD (F. Ito, R. Kamekura, unpub-
lished data). Taken together, the results of these
studies suggest that Treg cells are preferentially
involved in IgG4 class-switching and fibrosis in
lesions of IgG4-RD; however, no direct evidence
regarding the function of Treg cells in IgG4-RD
was shown in those reports. Further studies are
probably required to clarify IgG4 class-switching
and fibrosis caused by Treg cells in IgG4-RD.
CD4R CYTOTOXIC T LYMPHOCYTES

CD4þ T cells with a cytotoxic function (named
CD4þ CTLs) have been observed in various immu-
nological conditions such as virus infection, auto-
immune diseases, and cancer [27,28]. CD4þCTLs are
characterized by their unique function of secreting
perforin, granzyme, and IFN-g for killing target cells
in an MHC class II-restricted fashion [27,28].
Recently, there has been an accumulation of experi-
mental evidence suggesting the involvement of
CD4þ CTLs in IgG4-RD. Mattoo et al. first reported
the clonal expansion of CD4þ CTLs in inflamed
tissue sites of IgG4-RD. These cells presented
SLAMF7, granzyme A (GZMA), IL-1b, and TGF-b,
suggesting their capacity related to tissue inflamma-
tion and fibrosis. Interestingly, clinical remission
induced by rituximab-mediated B-cell depletion
seems to be associated with a reduction in CD4þ

CTLs in IgG4-RD [17
&&

]. In another report, the same
group presented results showing an oligoclonal
expansion of circulating plasmablasts (CD19þCD20-

CD20- CD27þCD38þ cells) in patients with IgG4-RD
[29]. These findings indicate that CD4þ CTLs col-
laborate with activated plasmablasts and play an
1040-8711 Copyright � 2018 The Author(s). Published by Wolters Kluwe
important role in the pathogenesis of IgG4-RD.
However, there has been no functional experiment
on CD4þ CTLs in IgG4-RD because of the minor
population in CD4þ T-cell subsets and the lack of
specific surface markers for live cell sorting. Addi-
tional studies are required in the future to obtain
direct evidence of cytotoxicity and fibrosis in
affected tissues of IgG4-RD by these cells.
Tfh CELLS

As mentioned above, abundant infiltration of IgG4-
positive plasma cells is usually observed in tissue
lesions of IgG4-RD [1]. This suggests that dysregu-
lation of the IgG4 class-switch underlies the patho-
genesis of IgG4-RD. Tfh cells, which are postulated
as a specialized class of effector helper CD4þ T cells,
assist B cells to form germinal centers of lymphoid
follicles, and Tfh cells thereby contribute to the class
switch recombination of B cells and the selection of
high-affinity B cells in germinal centers [30,31].
Importantly, Tfh cells have the capacity to secrete
IL-4 and IL-10, which are key cytokines for IgG4
class-switching [24]. Tfh cells have been considered
as a potential key player in the development of
IgG4-RD.

It is well known that Tfh cells not only localize
in lymphoid tissues but also exist in blood circula-
tion and lesional sites of extra-lymphoid tissues
[13

&&

,31]. Because of accessibility of blood samples,
accumulating evidence has shown the role of circu-
lating Tfh cells in IgG4-RD. Circulating Tfh cells
comprise three subsets, Tfh1 cells, Tfh2 cells and
Tfh17 cells, that can secrete restricted repertories of
the cytokines IFN-g, IL-4 and IL-17, respectively, as
seen in conventional helper T-cell subsets such as
Th1 cells, Th2 cells, and Th17 cells [32–34]. In
IgG4-RD, increased circulating Tfh2 cells and acti-
vated Tfh2 cells with a high expression level of
programmed cell death 1 (PD-1, i.e., PD-1hi Tfh2
cells) are able to help naı̈ve B cells differentiate
into plasmablasts and produce IgG4 [11,12

&

,14].
Circulating activated Tfh1 cells were also shown to
be increased in IgG4-RD and to be correlated with
disease activity but not with serum IgG4 levels
[12

&

].
Recently, our group and others have demon-

strated abundant infiltration of Tfh cells in affected
submandibular glands of patients with IgG4-RD
[13

&&

,14,15]. We further reported that lesional Tfh
cells isolated from submandibular glands of patients
with IgG4-DS showed high expression levels of B-
cell lymphoma (Bcl) 6 and activation markers such
as PD-1 and ICOS and had a greater capacity than
tonsillar Tfh cells to help B cells produce IgG4 [13

&&

].
Moreover, Maehara et al. [16] recently reported that
r Health, Inc. www.co-rheumatology.com 11
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the expansion of IL-4þBAFFþ Tfh cells in lymphoid
organs is linked to IgG4 class switching. Taken
together, the results indicate that activated Tfh cells
possessing unique functions abundantly infiltrate
affected lesions of IgG4-RD and play an important
role in the pathogenesis of IgG4-RD. Fundamental
questions that remain to be answered are whether
circulating Tfh cells and resident Tfh cells in affected
tissues of patients with IgG4-RD have the same
origin and, if so, how circulating Tfh cells migrate
from or into the affected tissues. Further studies on
Tfh cells in IgG4-RD are needed to answer these
questions.
Tfr CELLS

Tfr cells have recently been characterized as a
unique CD4þ T-cell subset that participates in the
control of germinal center formation and class
switch recombination of B cells in collaboration
with Tfh cells [35–37]. Tfr cells express CXCR5,
which is also shared by B cells and Tfh cells. Tfr
cells are regulated by Bcl6, PD-1, and ICOS as well as
forkhead box P3 (Foxp3), as observed in Treg cells
[31,36]. To exert germinal center responses, Tfr cells
produce IL-10 and TGF-b for the direct regulation of
B cells and Tfh cells. Because most of the studies
regarding Tfr cells in disease have mainly been
performed in mouse models [38,39], functional
roles of Tfr cells in human diseases are not fully
understood. Recent studies have shown that Tfr cells
proportionately and numerically proliferate during
HIV infection and contribute to inefficient germinal
center responses and then inhibit HIV clearance
[40]. Other studies have demonstrated a decreased
number of circulating Tfr cells and a significant
correlation between the percentage of Tfr cells
and clinical parameters in patients with systemic
lupus erythematosus or multiple sclerosis [41]. In
contrast, the pathological significance of Tfr cells in
IgG4-RD has not been investigated. Therefore, we
examined Tfr cells using clinical specimens to
address the question of whether Tfr cells are associ-
ated with the pathogenesis of IgG4-RD. Our results
showed that the number of Tfr cells was increased in
blood and inflamed submandibular glands from
patients with IgG4-DS (F. Ito, R. Kamekura, unpub-
lished data). The percentage of Tfr cells was posi-
tively correlated with clinical parameters including
serum level of IgG4 and number of involved organs
in patients with IgG4-RD. Interestingly, the number
of IL-10-producing circulating Tfr cells in patients
with IgG4-RD was increased compared with that in
healthy elderly patients, indicating the possible
involvement of Tfr cells in IgG4-specific class-switch
recombination in lesions of IgG4-RD. Collectively,
12 www.co-rheumatology.com
these findings seem provide a novel insight into the
role of Tfr cells in the disease pathogenesis.
Tph CELLS

A more recent study on rheumatoid arthritis (RA) has
revealed an unidentified subset of CD4þ T cells
named Tph cells (PD-1hiCXCR5-CD4þ cells) [42

&&

].
Tph cells present Tfh cell-like features to produce
factors associated with B-cell help, including IL-21
and CXCL13 in the inflamed synovium of RA. Unlike
Tfh cells, Tph cells in the synovium of RA do not
express high levels of Bcl6 and instead show elevated
levels of Blimp1, which opposes the actions of Bcl6 as
a counter-regulator [43]. Tph cells also have a unique
expression profile of chemokine receptors, such as
CCR2, CCR5, and CX3CR1 (a fractalkine receptor),
that ignite their migration to inflamed sites [42

&&

].
Thus, Tph cells show substantial differences from Tfh
cells in their surface phenotypes, migratory capacity,
and transcriptional regulation [42

&&

]. Recent studies
have shown an increased percentage of Tph cells in
blood from patients with primary Sjögren’s syn-
drome [44]. In addition, Gu-Trantien et al. [45]
reported that CD4þ T cells with a Tph cell-like phe-
notype were found in breast cancer tissues and that
they have a possible regulatory function in immune
responses against tumor cells. Based on these obser-
vations, we have first reported a possible pathological
role of Tph cells in IgG4-RD [19

&&

]. Our results have
shown that circulating PD-1þCXCR5� cells (includ-
ing PD-1hiCXCR5� cells, thus collectively named
Tph-like cells here) were significantly increased
within CD4þ T cells in patients with IgG4-RD com-
pared to those in healthy volunteers. We also found
that their percentage was positively correlated with
serum levels of IgG4 and soluble IL-2 receptor and
with the number of involved organs in IgG4-RD
patients. In addition, we found that such Tph-like
cells frequentlyexpressed GZMA, which is related to a
cytotoxic property. Clinical remission achieved by
treatment with glucocorticoids clearly led to a
numerical reduction of Tph-like cells [19

&&

]. Taken
together, our findings strongly suggest that circulat-
ing Tph-like cells play a pivotal role in the pathogen-
esis of IgG4-RD.
COLLABORATION OF Tph CELLS AND Tfh
CELLS IN THE FORMATION OF ECTOPIC
LYMPHOID STRUCTURES

In peripheral tissues of chronic inflammation such
as IgG4-RD and RA, aggregations of T cells and B
cells (so-called ectopic lymphoid structures, ELSs)
frequently develop [46] [Figure 1]. In ELSs, T cell–B
cell interactions result in uncontrolled somatic
Volume 31 � Number 1 � January 2019
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FIGURE 2. A model for the functional role of PD-1hiCXCR5- peripheral T helper (Tph) cells and T follicular helper (Tfh) cells
in affected organs of IgG4-RD. Because Tph cells express high levels of chemokine receptors including CCR2, CCR5, and
CX3CR1, Tph cells rapidly infiltrate inflamed tissues of IgG4-RD. Production of CXCL13 by Tph cells induces the recruitment of
CXCR5þ Tfh cells and B cells. As a result, it is possible that the interaction of Tfh cells with B cells that subsequently accumulate and
form ectopic lymphoid structures (ELSs) in the lesions provides an immune microenvironment in which production of IgG4 is induced.
Tph cells also express a high level of cytotoxic granules such as granzyme A and exert cytotoxic activity in inflamed tissues.
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hypermutation, class switch recombination, and
differentiation of plasma cells [46], the functional
interplay of which accelerates the development of
the disease. Our previous observations revealed
abundant infiltration of PD-1hiICOShi Tfh cells in
lesional ELSs of IgG4-DS [13

&&

], suggesting that acti-
vated Tfh cells interact and strongly induce B cells to
produce IgG4 in ELSs of IgG4-RD. The appearance of
a new player, Tph cells, in the research field of
chronic inflammation, might lead to a deeper
understanding of the immunological mechanisms
of ELS formation in lesions of chronic inflammation
including IgG4-RD. Based on results of previous
studies and our recent findings regarding IgG4-
RD, we presume the following relationship between
Tph cells and Tfh cells in the pathogenesis of IgG4-
RD. Owing to the high expression levels of chemo-
kine receptors including CCR2, CCR5, and CX3CR1,
Tph cells are preferentially prone to infiltration of
inflamed tissues in patients with IgG4-RD. Produc-
tion of CXCL13 by Tph cells may subsequently
provide early stimuli for the recruitment of CXCR5þ

immune cells including both Tfh cells and B cells.
As a result, it is possible that Tfh cells and B cells
accumulate to form ELSs in the lesions and eventu-
ally provide an immune microenvironment in
which the production of IgG4 is further induced.
Because fractalkine, which is a ligand of CX3CR1, is
1040-8711 Copyright � 2018 The Author(s). Published by Wolters Kluwe
highly expressed by endothelial cells in submandib-
ular glands of IgG4-DS (H. Yabe, R. Kamekura R,
unpublished data), Tph cells might have a role in the
initiation of inflammation and maintenance of
chronic fibroinflammation in IgG4-RD, although
influencing vascularities in the lesions [47]. Given
that destructive inflammation is observed in IgG4-
RD [Figure 1], our experimental evidence indicates
that Tph-like (PD-1þCXCR5-CD4þ) cells, which
preferentially contain cytotoxic granules of GZMA,
are responsible for such pathological changes in
IgG4-RD [19

&&

]. In this study, we could not see
abundant expression of IL21 mRNAs in Tph-like
cells compared with those in Tfh cells from patients
with IgG4-RD [19

&&

]. Taken together, the results
suggest that Tph-like cells in IgG4-RD play a patho-
logical role as CD4þ CTLs rather than as B cell
helpers such as Tfh cells [Figure 2].

Several questions remain to be answered to
understand the mechanisms of the origin and dif-
ferentiation of Tfh cell in lesions of IgG4-RD and the
developmental relationship between Tfh cells and
Tph cells.
CONCLUSION

Following the recent advances of our knowledge
of human CD4þ T cells, IgG4-RD research has
r Health, Inc. www.co-rheumatology.com 13
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progressed remarkably. The appearance of Tph cells
and Tfh cells as key players in the pathogenesis of
IgG4-RD is one example of the progress in research.
Accumulating evidence may lead to the develop-
ment of specific therapeutic targets and a new strat-
egy for IgG4-RD treatment. Treatment with
glucocorticoids is still effective for IgG4-RD; how-
ever, it often causes side effects and relapse fre-
quently occurs after tapering or discontinuing
administration of glucocorticoids [48]. A new strat-
egy needs to be developed to overcome the problem
of relapse and refractory cases of IgG4-RD. Thus, it is
important to consider experimental findings and
knowledge regarding the pathogenesis of IgG4-RD
from direct examination of inflamed tissues from
patients with IgG4-RD. Because of the limited avail-
ability of clinical specimens, studies using lesional
tissues and blood from patients with IgG4-RD are
not always straightforward. Evidence obtained from
animal models of this disease may also help to
address the questions regarding immunological
mechanisms.
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