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Abstract. Immunoglobulin G4-related disease (IgG4-RD), recognized only recently

as a single diagnostic entity, is a chronic inflammatory condition of unknown
etiology. The diagnosis of [gG4-RD relies heavily on histopathological analysis and
the correlation of histology findings with clinical, serological, and radiological data.
CD4" T and B cells, including IgG4-expressing plasmablasts, constitute the major
inflammatory cell populations in IgG4-RD and are believed to cause organ damage
and tissue fibrosis. Patients with IgG4-RD, who have active, untreated disease,
exhibit marked expansion of [gG4-secreting plasmablasts in the blood. Important
mechanistic insights correlated with the pathogenesis of IgG4-RD have been
disclosed in recent years through the application of novel molecular biology
approaches, including next-generation and single-cell RNA sequencing.
Exploration of the interactions between these CD4™ T cells and cells of the B
Iymphocyte lineage is critical to understanding the pathophysiology of IgG4-RD.
The establishment of pathogenic T cell clones and the identification of antigens
specific to these clones constitute the first steps in determining the pathogenesis of
this disease. This review focuses on clinical features and mechanistic insights
regarding IgG4-related dacryoadenitis and sialoadenitis, from a perspective suitable
for oral and maxillofacial surgeons.
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Immunoglobulin ~ G4-related  disease
(IgG4-RD), recognized only recently as
a single diagnostic entity, is an immune-
mediated condition that can affect multi-
ple organs simultaneously'. The disease
mimics many malignant, infectious, and

0901-5027/070908 + 09

inflammatory disorders with histological
features that are observed consistently
across the organs involved. This disease
is characterized by elevated serum IgG4
concentrations and tissue infiltration by
IgG4" plasmacytes, as well as storiform

fibrosis and obliterative phlebitis in vari-
ous organs'”. The most frequently in-
volved organs are the pancreas, kidney,
lung, lymph nodes, bile duct, liver, aorta,
prostate, retroperitoneum, and lacrimal
and major salivary glands'. International
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consensus statements have been published
regarding the nomenclature, pathological
findings, and clinical management of
IgG4-RD**. The IgG4-RD responder in-
dex, designed to serve as an outcome
measure for clinical trials, is now under-
going a worldwide validation study”.
1gG4-RD is commonly encountered by
oral surgeons in the context of Mikulicz’s
disease, which involves simultaneous bi-
lateral and symmetrical enlargement of
both the lacrimal and salivary glands.
Some patients, however, solely exhibit

IgG4-related dacryoadenitis and sialoadenitis

lacrimal gland disease, or may present
with unilateral submandibular gland in-
volvement. For many decades, Mikulicz’s
disease was believed to represent a sub-
type of Sjogren’s syndrome. Similarly, for
more than a century, IgG4-related sub-
mandibular gland disease was known in
the medical literature as ‘Kiittner’s tu-
mor’. Both major and minor salivary
glands can be affected by IgG4-RD".
Comprehensive diagnostic criteria have
been proposed for [gG4-RD; furthermore,
organ-specific criteria have been proposed
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for IgG4-related dacryoadenitis and sia-
loadenitis (IgG4-DS), IgG4-related kid-
ney disease, and IgG4-related
autoimmune pancreatitis (Fig. 1)"*. In
addition, international classification crite-
ria supported by the American College of
Rheumatology and the European League
Against Rheumatism have been formulat-
ed and validated”. In all of these criteria,
biopsies of affected lesions are recom-
mended to exclude diseases that often
mimic IgG4-RD, among which are malig-
nant tumors, Sjogren’s syndrome, granu-

Combination of comprehensive diagnostic criteria and organ—specific criteria for IgG4-RD

Positive (All of three)

oo P

|

IgG4-related disease

1) Organ involvement
2) Serum IgG4>135mg/dl

3) IgG4+/1gG+ cells>40%

1)and2) or 1)and3)

i Probable or Possible

\d

Organ specific criteria

I IgG4—-dacryoadenitis and sialoadenitis I

lgG4-pancreatitis

IgG4—kidney disease
IgG4-sclerosing cholangitis
lgG4-respiratory disease
lgG4-opthalmic disease

Diagnostic criteria for IgG4-related dacryoadenitis and sialoadenitis

W N

1. Symmetrical swelling of at least two pairs of lachrymal, parotid, and submandibular
glands continuing for more than 3 months; and
Elevated serum IgG4 (>135 mg/dl);
Histopathological features including lymphocyte and IgG4+ plasma—cell infiltration
(IgG4+ plasma cells/IgG+ plasma cell >50%) with typical tissue fibrosis or sclerosis

Differential diagnosis is necessary from other disorders, including sarcoidosis, Castleman’ s
disease, Wegener' s granulomatosis, lymphoma, and cancer. Although the diagnostic criteria
for Sjégren’ s syndrome may also including some patients with 1gG4+ Mikulicz’ s disease,
the clinicopathological conditions of patients with typical Sjégren’ s syndrome and IgG4+
Mikulicz’ s disease are different.

Fig. 1. Diagnostic algorithm for the comprehensive diagnostic criteria for IgG4-related disease (IgG4-RD). The figure shows the diagnostic
algorithm for IgG4-related dacryoadenitis and sialoadenitis (IgG4-DS), with organ-specific criteria. A diagnosis of IgG4-RD is definitive in
patients who exhibit all three of the items (1) organ enlargement, mass or nodular lesions, or organ dysfunction; (2) serum IgG4 concentration
>135 mg/dl; and (3) histopathological findings of >10 IgG4 cells/HPF and an IgG4"/IgG" cell ratio >40%". Patients with possible or probable
IgG4-RD could be re-diagnosed using organ-specific [gG4-DS criteria’.
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lomatosis with polyangiitis, and multi-
centric Castleman disease®™’. An inci-
sional or excisional biopsy of the
affected submandibular glands is often
the best means of establishing a definitive
diagnosis of IgG4-DS'? (Fig. 2).

CD4+ T cells in Sjogren’s syndrome

Sjogren’s syndrome is a chronic, systemic,
autoimmune disease that is characterized
by lymphocytic infiltration into the sali-
vary and lacrimal glands, with concomi-
tant  autoantibody  production and
destruction of the glandular tissue. Typi-
cally, affected patients experience symp-
toms of dry mouth (xerostomia) and dry
eyes (keratoconjunctivitis sicca). Clinical
symptoms range from local exocrinopathy
to a systemic disorder that affects paren-
chymal organs, lung, kidneys, and liver. In
approximately 5% of patients, the disease
may progress to the development of B cell
lymphoma'', and may be accompanied by
hypergammaglobulinemia and immuno-
deficiency, in close association with the
accumulation of B cells'?. The major auto-
antibodies involved target intracellular
antigens; these antibodies include anti-
SSA/Ro and anti-SSB/La antibodies,
rheumatoid factor, cryoglobulins, and an-
tinuclear antibodies'*. Certain autoantibo-
dies are disease-specific, and the majority
of autoantibodies detected thus far are of
the immunoglobulin G (IgG) class; this
observation is suggestive of a role for
antigen-dependent CD4" T cells.
Sjogren’s syndrome is an organ-specific
autoimmune disease, which may be medi-
ated by autoreactive T cells that infiltrate

target salivary glands'®. Some previous
reports have shown that activated Thl
and Th2 CD4" helper T cell phenotypes
arise; furthermore, Th17 and T follicular
helper (Tth) phenotypes predominate and
likely provide a stimulus for B cells'.
However, the clonality of disease-specific
effector CD4" T cells in Sjdgren’s syn-
drome patients is unclear. Additional re-
search is required to identify clonally
expanded subsets of CD4" T cells in
Sjogren’s syndrome patients (these consti-
tute putative disease-causing subsets of T
cells) through the application of new tech-
nologies in molecular biology, including
next-generation and single-cell RNA se-
quencing. Use of these unbiased
approaches may aid the characterization
of disease-specific CD4" effector T cells
in Sjogren’s syndrome. The establishment
of pathogenic T cell clones and the iden-
tification of antigens specific to these
clones constitute the first steps necessary
for acquiring immunological mechanistic
insights regarding the pathogenesis of
Sjogren’s syndrome.

IgG4-DS exhibits a number of differ-
ences when compared with typical Sjog-
ren’s  syndrome: (1)  persistent
enlargement of the lacrimal and salivary
glands; (2) normal or moderate salivary
secretion dysfunction; (3) good respon-
siveness to corticosteroid treatment, and
improvement of salivary function after
steroid therapy; and (4) low frequencies
of anti-SSA/Ro and anti-SSB/La auto-
antibodies, as determined by serological
analyses'® '8, Additionally, IgG4-DS

can be differentiated from Sjogren’s
syndrome and other tumors through

the use of computed tomography and
ultrasonography .

Histopathology

Histopathology is key to the diagnosis of
IgG4-RD, including IgG4-DS. Major cen-
tral pathology features include lymphocyt-
ic infiltration, obliterative phlebitis and
storiform fibrosis in the affected lesions.
The lymphocytes and plasma cells are
polyclonal. IgG4" plasma cells and
CD4" T cells are generally present in
the affected organs, but serum IgG4 con-
centrations are normal in a significant
minority of cases'”. The finding of abun-
dant IgG4" plasma cells is helpful in dif-
ferentiating IgG4-RD from other mimic
disorders with similar presentation. How-
ever, IgG4-RD cannot be diagnosed solely
on the basis of infiltration by IgG4™ cells
alone, because these plasma cells can be
present in a large number of other inflam-
matory disorders®’.

IgG4 itself is generally considered a
non-inflammatory immunoglobulin due
to its limited ability to fix complement
and bind activating Fc receptors®' . There
is no evidence that this type of immuno-
globulin has a primary role in the patho-
physiology of IgG4-RD. Moreover, the
activity of IgG4-RD does not always cor-
relate well with serum IgG4 concentra-
tions™”.

Pathophysiology

It is important to determine which cells are
crucial to the pathogenesis of IgG4-RD.
Many important mechanistic insights re-

Fig. 2. Swollen submandibular glands and corresponding incisional biopsy.



lated to the pathogenesis of [gG4-RD have
been unveiled through studies of patients
treated by B cell depletion®* *°. IgG4-RD
patients have a restricted oligoclonal im-
munoglobulin repertoire®®. Plasmablasts,
which are defined by the cell surface
markers of CD19, CD27, and CD38 but
not CD20, are elevated in blood from
activated IgG4-RD patients. The tightly
restricted repertoire of these plasmablasts
strongly suggests that [gG4-RD is an anti-
gen-driven disease’’. Clonally expanded
CD19'CD27"CD20CD38"&"  plasma-
blasts from IgG4-RD blood are a hallmark
of active IgG4-RD. At tissue sites, [gG4
expressing SLAMF7'CD19" B cells are
expanded in lymph nodes from IgG4-RD
patients (Fig. 3).

IgG4-related dacryoadenitis and sialoadenitis

A genome-wide association study of
IgG4-RD was performed in a Japanese
population (Terao et al.,, International
Symposium on IgG4-Related Diseases
and Fibrosis, February 2017). This inves-
tigation revealed three susceptibility loci,
consistent with antigen-driven disease:
HLA-DRBI1, HLA-A, and FCGR2B, the
latter encoding a low affinity receptor for
IgG*’. These findings are consistent with
the concept that activated B cells present
antigens to a subset of disease-causing T
cells at disease sites™.

In affected tissues, CD4" T cells consti-
tute the most abundant cell type®. Analy-
ses of Th1, Th2, and Th17 CD4" helper T
cells, as well as regulatory helper T cells
(Tregs), from patients with [gG4-RD have

......
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led to conflicting results®®. Of note, how-
ever, all previous reports have relied on
indirect evidence in order to implicate
subsets of CD4" T cells in this
disease®®!; more direct analyses of T
cells have only recently been undertaken.
In addition, an analysis of these cells by
next-generation  sequencing revealed
prominent clonal expansion of the CD4"
cytotoxic T cells (CD4" CTLs) pheno-
type”>22. CD4" CTLs retain the ability
to kill target cells in an MHC class II-
restricted manner>’. Notably, a significant
reduction of circulating CD4" CTLs in
IgG4-RD was observed following rituxi-
mab treatment (anti-CD20 B cell deple-
tion)*>* and following glucocorticoid
therapy™. In contrast, circulating naive

Fig. 3. IgG4-expressing SLAMF7'CD19" B cells are abundant in secondary lymphoid organs in [gG4-related disease (IgG4-RD). A lymph node
from an IgG4-RD patient was fixed in formalin, embedded in paraffin, and sectioned. Multi-color immunofluorescence staining of CD19 (red),
SLAMF?7 (green), [gG4 (blue), and DAPI (yellow) in IgG4-RD lymph nodes. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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CD4" T cells remain stable following
these treatment interventions®>~*.

Pillai et al. showed that B cell depletion
therapy is effective in autoimmune disease
with somatically hypermutated B cells or
plasmablasts at disease sites, which are
likely to serve as crucial antigen-present-
ing cells for a subset of disease-causing T
cells®®. Taken together, these findings
strongly suggest an antigen-driven process
that requires a critical interaction between
CD4" CTLs and activated B cells®®. With
regard to the pathophysiology, it is possi-
ble that dominantly expanded B cells

Antigen processing

£

Galectin 37
Laminin 511 7

maintain or present some antigens to a
subset of the expanded CD4" CTLs in
affected tissues of IgG4-RD patients™®.
A clonally expanded activated B cell
population and multiple subsets of T cells
is a hallmark of this disease. New molec-
ular biological technologies have in-
creased our understanding of the
pathogenesis of this disease between acti-
vation-causing B cells and CD4" CTLs;
the focus is now shifting to Tfh cells.
Generally, Tth cells aid B cells during
T-dependent immune responses; Tth cells
are essential for germinal center formation

and affinity maturation, as well as the
development of most high-affinity antibo-
dies and memory B cells®’. Recently, an
increase in blood memory type 2 Tth cells
has been noted in patients with IgG4-
RD** . Furthermore, it has been reported
that these circulating Tth2 cells (cTth2),
but not ¢cTthl or cTth17 cells, induce the
differentiation of naive B cells into
CD19'CD20~CD27'CD38" plasmablasts
and enhance the production of IgG4 in
patients with IgG4-RD*°. However, there
is no evidence thus far connecting subsets
of Tth cells in the blood with functional

Lymph Node

IL-4

Affected Tissue

Macrophage activation
Fibroblast activation

\
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Fig. 4. Immunological responses in IgG4-related disease (IgG4-RD). Chronic stimulation via activated antigen-presenting cells induces the
differentiation of naive T cells into CD4™ cytotoxic T cells (CTLs) and follicular helper T cells (Tfh). In secondary lymphoid organs, Tth cells
collaborate with B cells to drive IgG4 class switching, somatic hypermutation, and plasmablast differentiation of antigen-detecting B cells. Clonal
expansion of CD4" CTLs and activated B cells, including IgG4 secreting plasmablasts, might cause this disease state. Reactivation of these CD4™"
CTLs may require antigen presentation, including galectin-3, by plasmablasts or other activated B cells at affected tissue sites. Activated CD4"
CTLs may mediate fibrosis and inflammation as a result of cytokine secretion or the induction of cell death.



counterparts in secondary lymphoid
organs or tertiary lymphoid organs.

These activated B cells can also present
antigens to relevant Tth cells, particularly
IL-4 expressing Tth cells, in patients with
IgG4-RD. This latter interaction may be
crucial to the development of germinal
centers within lymph nodes and at extra-
nodal sites in IgG4-RD, and to the IgG4
class switch*' (Fig. 4).

What are the antigenic triggers of
this disease?

Another important aspect to consider
involves the specific antigens that drive
the clonal expansion of T and B cells. To
date, compelling cases can be made for two
antigens (although there are, no doubt,
more). Perugino et al. used next-generation
sequencing to characterize monoclonal anti-
bodies from the perspective of single-cell
clones of dominantly expanded plasmablasts
and then identified disease-relevant auto-
antigens from a patient with active 1gG4-
RD™. The method identified autoantibodies
against galectin-3, predominantly of the
IgG4 isotype™. An unbiased quantitative
proteomic approach showed that galectin-3
was one of the highest expressed proteins in
affected tissue lesions from IgG4-RD

IgG4-related dacryoadenitis and sialoadenitis

patients™’. Galectin-3 plays an importantrole
in cell proliferation, adhesion, differentia-
tion, apoptosis, and migration, in inflamma-
tion, and in fibrosis**. Macrophages are the
primary cellular source of secreted galectin-
3. This protein contributes to numerous
fibro-proliferative diseases, suggesting that
it may contribute to tissue fibrosis™*.

In another study, Shiokawa et al. reported
that the injection of serum IgG from an
IgG4-related autoimmune pancreatitis pa-
tient into neonatal mice induced pancreatic
injury, and this IgG bound to the extracel-
lular matrix protein of the pancreatic aci-
ni*’. Furthermore, Shiokawa et al. revealed
autoantibodies against laminin-511, one of
extracellular matrix proteins, in [gG4-relat-
ed autoimmune pancreatitis*®. Clinically,
anti-laminin-511 IgG was present in 26 of
51 IgG4-related autoimmune pancreas
patients, but not in controls. These discov-
eries pertaining to both galectin-3 and lam-
inin-511 represent substantial advances in
our understanding of IgG4-RD and offer
additional avenues for investigation.

What targeted treatment has
revealed

Most clinical manifestations of IgG4-RD
respond to glucocorticoids. These agents

Table 1. Principal findings regarding the pathogenesis of IgG4-related disease.
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comprise the first-line, standard care ap-
proach for most patients'*’. Masaki et al.
reported a multicenter phase II prospective
clinical trial of glucocorticoid therapy in
Japanese patients with IgG4-RD*®. Hong
et al. reported that glucocorticoid therapy
was beneficial for induction, as well as for
maintenance therapy, in Chinese patients
with IgG4-DS*. Masamune et al. also
reported that maintenance glucocorticoid
therapy was effective in reducing relapse
in Japanese patients with IgG4-related
pancreatitis, in a randomized controlled
trial of long-term maintenance corticoster-
oid therapy’". One conventional treatment
approach uses a starting prednisolone dose
of 0.6-1.0 mg/kg daily. After 2-4 weeks,
the dose is tapered by 5 mg every 1-2
weeks, on the basis of clinical responses” .
Clinical improvement after the initiation
of glucocorticoid therapy is rapid, and a
follow-up serological evaluation should
be performed approximately 2 weeks after
the therapy. Positron emission tomogra-
phy has some utility in the assessment of
the treatment response; however, for the
major salivary glands, excellent therapeu-
tic responses can be appreciated readily on
the basis of physical examination alone. A
poor response to glucocorticoid therapy
might be indicative of other diagnoses,

Principal findings related to T and B cell phenotypes in IgG4-RD

Reference

Th2 responses may result from concomitant atopic manifestations
IL-33 might contribute to the pathogenesis via aberrant activation of Th2 immune responses
Th2 and Tregs play a key role in IgG4 production in IgG4-DS

Overexpression of IL-21 promotes tertiary lymphoid organ formation and IgG4 production in salivary glands from IgG4-DS

CD4" T cells in Sjdgren’s syndrome and IgG4-DS (Review)
CD4" CTLs are expanded in affected tissues from IgG4-DS

CD4" CTLs express granzymes and perforin and secrete cytokines, such as IL-1 [3, IFN-7y, and TGF-[3, which are linked to fibrosis

CD4" CTLs are clonally expanded in IgG4-RD and decrease following rituximab treatment
CD4" CTLs are expanded in IgG4-RD and decrease following glucocorticoid treatment
Clonally expanded CD4" CTLs in the pathogenesis of IgG4-RD (Review)

Circulating IgG4" plasmablasts are oligoclonally expanded in active and relapsing IgG4-RD
Plasmablasts as a biomarker for IgG4-RD, independent of serum IgG4 levels

The expansion of IL-4 secreting Tth cells is linked to IgG4 class switching in vivo

Increased circulating Tth2 cells and their capacity to help naive B cells to differentiate into plasmablasts and 1gG4 production in

vitro
Increased circulating Tthl cells in IgG4-RD

Tth cells in the pathogenesis of IgG4-RD (Review)

Increased circulating Tregs

Tregs were higher in affected tissue in IgG4-RD
Increased circulating ICOS and IL-10 secreting Tregs

Principal findings related to auto-antigens in IgG4-RD

53
54
30
31
29
32
32
24
35
24
26
34
41
38,39

39
55
5658
59
57

Reference

Identification of galectin-3 as an auto-antigen in IgG4-RD
Pathogenicity of IgG1 and IgG4 in IgG4-related pancreatitis
Laminin-511 is a target antigen in IgG4-related pancreatitis

Specific antigen in [gG4-RD (Review)

Annexin All is targeted by IgG4 and IgG1 autoantibodies in IgG4-RD

2
45
45
27
60

CTLs, cytotoxic T cells; ICOS, inducible T cell co-stimulator; IgG4-DS, IgG4-related dacryoadenitis and sialoadenitis; IFN-7, interferon gamma;
IgG4-RD, IgG4-related disease; IL, interleukin; Tfh, follicular helper T cells; TGF-[3, transforming growth factor beta; Th2, type 2 helper T cells;

Tregs, regulatory helper T cells.
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particularly cancer. Furthermore, the re-
sponse to glucocorticoids varies with re-
spect to the affected organs and the degree
of fibrosis. After the therapy, salivary
secretion in patients with IgG4-DS is more
likely to be improved, in contrast to glan-
dular function in Sjégren’s syndrome>>.

Rituximab  therapy is typically
employed in patients who do not respond
to glucocorticoids or who experience dis-
ease flares during or after glucocorticoid
tapers. Important mechanistic insights cor-
related with the pathogenesis of IgG4-RD
have been revealed with B cell
depletion”™ %%, As shown in Fig. 4, (1)
IgG4-RD patients exhibit extensive clonal
expansion of activated B cells and CD4"
CTLs, consistent with an antigen-driven
disease process™%; (2) CD4" CTLs are
the dominant population in affected tis-
sues, whereas other CD4" T cell subsets
are spalrse25 32 (3) CD4" CTLs in affected
lesions secrete cytotoxic, inflammatory,
and pro-fibrotic cytokines, indicating an-
tigen reactivation at tissue sites®*; and (4)
a reduction in number of CD4" CTLs by B
cell depletion is associated with clinical
remission in IgG4-RD patients®**°.

The principal findings regarding
the pathogenesis of IgG4-related
disease are presented in Table 1
24,26,27,29-32,34,35,38,39,41,42,45,53-60

In conclusion, in IgG4-RD subjects,
plasmablasts or other activated B cells
are specific for a subset of auto-antigens,
including galectin-3; further, they exhibit
oligoclonal restriction resulting in clonal
expansion of CD4" CTLs at tissue sites.
These B lineage cells might also present
antigens to relevant Tfh cells*'. Further-
more, in [gG4-RD, IL-4-secreting Ttfh
cells are expanded in blood and at tissue
sites. These cells might enable a subset of
B cells to undergo differentiation and
somatic mutation. Recent studies have
shown that interactions among clonally
expanded CD4" CTLs, Tth cells, and B
cells are critical in the pathogenesis of
IgG4-RD. Furthermore, the discovery of
some autoantibodies in these patients
should help our understanding of 1gG4-
RD pathophysiology.
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