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A B S T R A C T

Immunoglobulin G4-related disease (IgG4-RD) is a newly acknowledged entity, characterized by an immune-
mediated fibro-inflammatory process affecting virtually all organs, with infiltration of IgG4+ bearing plasma
cells. Until today the pathogenesis of IgG4-RD remains unknown. Treatment with anti-CD20 monoclonal anti-
bodies efficiently induced remission and attenuated the secretory phenotype of myofibroblasts responsible of
uncontrolled collagen deposition. This supports the pathogenic role of the adaptive immunity, particularly B cell
compartment and B cell/T cell interaction. Latest studies have also highlighted the importance of innate immune
system that has been underestimated before and the key role of a specific T cell subset, T follicular helper cells
that are involved in IgG4-class-switching and plasmablast differentiation. In this review, we aim to review the
most recent knowledge of innate immunity, T and B cells involvement in IgG4-RD, and introduce tertiary
lymphoid organs (TLO) as a potential marker of relapse in this condition.

1. Introduction

Immunoglobulin G4-related disease (IgG4-RD) is a newly acknowl-
edged entity, characterized by an immune-mediated fibro-in-
flammatory process affecting all organs, synchronously or metachro-
nously [1]. In 1961, Sarles and al. first described a sclerosing
pancreatitis with polyclonal hypergammaglobulinaemia [2], that has
been recognized as “type 1 autoimmune pancreatitis” (AIP) in 1995 [3].
Six years later, Hamano and colleagues (coll.) reported a specific ele-
vation of serum IgG4 (sIgG4) levels in AIP patients [4]. In 2002, the
same team identified concomitant retroperitoneal fibrosis in patients
treated for sclerosing pancreatitis and found the same histological
pattern in both pancreatic and ureteral lesions, demonstrating the
systemic nature of this disease [5]. Since these first descriptions, several
diseases believed to be isolated, such as Mikulicz's disease (MD), be-
came a part of IgG4-RD [6–12].

In 2012, recommendations for a unified nomenclature for the dis-
ease have been published [13]. In parallel, the “Japan Research Team
for IgG4-RD” proposed a Comprehensive Diagnostic Criteria in Japan
for IgG4-RD, for practical use. Clinical, serological and histopatholo-
gical features are the main criteria to make a definite, probable or
possible diagnosis of IgG4-RD [14,15] (Table 1). Specific guidelines for
the diagnosis of AIP, MD, IgG4-related kidney disease and IgG4-related

cholangiopathy exist [16–19]. The annual incidence is estimated at
0.28–1.08/100,000 in Japan [20], and little is known about its epide-
miology in Europe, however the incidence seems to be lower [21,22].
IgG4-RD usually occurs after 50 years of age, but some cases have been
also reported in children [23]. Except for sialadenitis and dacryoade-
nitis, the disease shows a male predominance [24].

Organ involvement varies between studies [25]. Virtually all organs
can be affected, however some patterns of association have been re-
ported [26]. Patients generally present with organ-specific complaints
related to organ swelling or non-specific symptoms such as abdominal
pain, asthenia or pruritus [1]. Histological examination of tissue biopsy
specimen is the cornerstone for the diagnosis of IgG4-RD and in order to
rule out other etiologies, in particular cancer. The four major findings
include lymphoplasmatic cells infiltration containing several IgG4+

plasma cells, storiform fibrosis, obliterative phlebitis, and tissue eosi-
nophilia [27]. The presence of abundant IgG4+ plasma cells should
raise the suspicion for IgG4-RD, but other autoimmune diseases could
also present this pattern [28–30]. The IgG4+/total IgG+ ratio is than
used, with a variable cut-off dependent on the involved organ
(from>30% to> 50%) [31,32], but then again, a recent meta-analysis
revealed a low sensitivity with a high specificity as a diagnostic bio-
marker for this disease [33].

Until today the pathogenesis of IgG4-RD remains unknown.

https://doi.org/10.1016/j.clim.2018.11.004
Received 28 June 2018; Received in revised form 25 September 2018; Accepted 9 November 2018

⁎ Corresponding author at: Nephrology and dialysis clinic, Hospital Brugmann, Université Libre de Bruxelles (ULB), Place A. Van Gehuchten 4, 1020 Brussels,
Belgium.

E-mail address: fahd.touzani@ulb.ac.be (F. Touzani).

Clinical Immunology 198 (2019) 1–10

Available online 10 November 2018
1521-6616/ © 2018 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/15216616
https://www.elsevier.com/locate/yclim
https://doi.org/10.1016/j.clim.2018.11.004
https://doi.org/10.1016/j.clim.2018.11.004
mailto:fahd.touzani@ulb.ac.be
https://doi.org/10.1016/j.clim.2018.11.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clim.2018.11.004&domain=pdf


Treatment with anti-CD20 monoclonal antibodies efficiently induced
remission and attenuated the secretory phenotype of myofibroblasts
responsible of uncontrolled collagen deposition [34,35], supporting
thus the pathogenic role of the adaptive immunity, particularly B cells
compartment and B cells/T cells interactions.

We aim to review the most recent knowledge on T and B cells in-
volvement in IgG4-RD, and introduce tertiary lymphoid organs (TLO)
as a potential marker of relapse and resistance to treatment in this
condition.

2. Pathophysiology

2.1. Humoral immunity

2.1.1. The role of IgG4 subclass
Humoral immunity is characterized by production of antibodies

(Abs). The five classes of immunoglobulins (Ig); IgA, IgD, IgE, IgG and
IgM are defined by their heavy chain constant domain sequences [36].
There are four subclasses of IgG Abs, IgG1 to IgG4, and the latter re-
presents the least abundant one in healthy people, accounting for<
10% of total IgG. The normal levels in human varies from 0.08 to
1.4 mg/dL [37]. Contrary to the IgG1 and IgG3 subclasses, IgG4 Abs
bind less to Fc receptors but their affinity for the inhibitory receptor
FcγRIIB is preserved [38]. Structurally, the core IgG4 hinge has a serine
amino acid at position 228, instead of proline (as seen in IgG1). This
difference results in inefficient disulphide bonds. IgG4 Abs can then
undergo half-antibody exchange, in which every half IgG4 molecule
dissociate from each other and reassociate with another half one with
distinct antigen-combining site, resulting in the formation of a bispe-
cific IgG4 antibody. This process prevents immune complex formation
[39]. For those reasons, the IgG4 subclass is regarded as a non-in-
flammatory, even as an anti-inflammatory molecule. This is supported
by observations in desensitizing immunotherapy [40].

The role of IgG4 subclass in the pathophysiology of IgG4-RD is still
debated. It is unclear whether its arise reflects a protective process in
response to anti-inflammatory cytokine production, or if it directly
mediates the disorder. Indeed, the direct pathogenic role of IgG4 has
been demonstrated in patients with pemphigus, an autoimmune skin
disease, where IgG4 directed against desmoglein cause blister forma-
tion by acantholysis. In mice, injection of human desmoglein-specific
IgG4 Abs causes bullous lesions [41–43]. It is also established that IgG4
are implicated in the pathogenesis of primary membranous nephro-
pathy and it was recently shown that they could act by activating al-
ternative and lectine complement pathway [44]. IgG4 have been im-
plicated in the pathogenesis of other diseases such as thrombotic
thrombocytopenic purpura [45] and in myasthenia gravis [46]. Also,
chronic infusion of factor VIII in patients with haemophilia results in an
IgG4 response that counteracts its effect [47]. It seems therefore that
IgG4 can assume a double role. This is illustrated in a neonatal mouse
model of AIP, where injection of patient's IgG1 or IgG4 resulted in
pancreatic injury, more pronounced with IgG1 injection alone. The
toxic properties of IgG1 were attenuated by simultaneous injection of
IgG4 [48]. Finally, it should be highlighted that even if a specific ele-
vation of IgG4 subclass is still the main characteristic of IgG4-RD, serum
IgG4 level of patients with this disease can be under the normal range at

presentation in about one third and even half percent, adding com-
plexity about it pathogenic role [49–53]. In conclusion, whether IgG4
are pathogenic or play a counter-regulatory response in IgG4-RD re-
mains a mystery.

2.1.2. The role of B cells and plasmablasts
During their development, B cells undergo various stages of ma-

turation and differentiation characterized by the expression of specific
combinations of surface cell markers. After an immune challenge, an-
tigen specific B cells proliferate and differentiate into antibody se-
creting cells or into memory B cells [36]. Short-lived plasmablasts are
proliferating antibody-secreting B cells that mature into plasma cells,
the long-lived mediators of sustained humoral immunity. Plasmablasts
are identified as CD19lowCD20−CD27+CD38bright cells by flow cyto-
metry [54]. Although they usually disappear after few days following
activation, chronic inflammation or infection increase their lifespan
[55–57]. They can be also induced after vaccination [58]. In healthy
people, circulating plasmablasts are mainly IgA+ derived from mucosal
responses, whereas during infection and reinfection, they are mainly
IgG+ derived from non-mucosal secondary lymphoid organs and
memory B cells, respectively [59]. Plasma cells express the adhesion
molecule CD138, preventing them from migration. They are more fre-
quently present in the bone marrow and represent< 1% of the cells in
peripheral lymphoid organs.

B cells are involved in the pathogenesis of IgG4-RD. This statement
comes from the observation of abundant IgG4+ bearing plasma cells in
biopsies of affected organs, and from the efficacy of B cells depletion
therapy by anti-CD20 antibodies [rituximab: (RTX)] in this condition
[35]. The CD20 molecule, a transmembrane signalling molecule, part of
the BCR complex- is expressed by the majority of the B cells lineage,
except the early B cells precursor, pro B cells, plasmablasts and plasma
cells. Administration of RTX, a chimeric monoclonal antibody that
targets CD20 is often associated with a prompt and profound depletion
of circulating B cells [60]. As haematopoietic stem cells lack CD20
expression, a course of this therapy is followed by reappearance of B
cells in peripheral blood – starting after few months, usually 6 to
9months- mainly by transitional and naïve B cells [61]. Efficacy of RTX
has been reported in several auto-immune diseases, transplantation and
hematologic malignancies [62–65]. Circulating plasmablasts positively
correlate with systemic lupus erythematosus disease activity [66], anti-
citrullinated protein antibodies levels in rheumatoid arthritis, and
myasthenia gravis relapses [67,68].

The critical role of B cells in the pathogenesis of IgG4-RD has been
reported. In a study of 15 patients with active, untreated IgG4-RD, the
percentage of plasmablasts was significantly higher compared to the 23
healthy controls (HC) [69]. In the same way, studies by Mattoo and
coll. and by Lin and coll. have shown a significant rise in their absolute
number in 84 and 42 patients respectively, compared to HC [70,71].
These cells are elevated even in patients with normal IgG4 serum levels
and re-emerge during relapse [50]. Using high-resolution next genera-
tion sequencing methods, de Buy Wenniger and coll. showed in 6 pa-
tients suffering from IgG4-related cholangitis, that IgG4 positive B cells
were clonally expanded [72]. In the same way, during relapse after a
RTX course, re-emergent plasmablasts were clonally distinct from those
initially present and somatically hypermutated within the variable re-
arranged regions, supporting an antigen-driven immune response [70].
One hypothesis is that newly generated naïve B cells are recruited from
the bone marrow by interacting with T-cells leading to somatically
mutated B cells and plasmablasts. However, it is unknown if re-emer-
ging plasmablasts differentiate de novo from naive B cells or from
memory B cells that survive RTX therapy and that could thus de novo
present antigens to naïve T cells, favouring disease relapse. Indeed,
memory B cells are more resistant to depletion than naïve B cells and
this can be illustrated in influenza vaccination studies in patients pre-
viously treated with RTX, where specific IgM B cells were decreased
compared with controls, while IgA B cells and IgG B cells levels were

Table 1
Comprehensive diagnostic criteria for IgG4-related disease (IgG4-RD), 2011.

1- Clinical examination shows characteristic diffuse/localized swelling or masses in
single or multiple organs

2- Serum IgG4 level≥ 135mg/dL
3- Histopathologic examination with:
● Marked lymphocyte and plasma cells infiltration and fibrosis
● Infiltration of IgG4-positive plasma cells: ratio of IgG4/IgG positive cells > 40%
and > 10 IgG4-positive plasma cells/high power field

Definite: 1+2+3, Probable: 1+ 3, Possible: 1+ 2
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similar [73].
Circulating plasmablasts correlate well with disease activity and

with the number of organ involved, making them a useful biomarker of
IgG4-RD, even in presence of normal level of IgG4. Indeed, Wallace and
coll. found that plasmablasts count were significantly higher in patients
with multi-organ involvement compared with those with 2 or< 2 or-
gans involved (median 7370/mL and 3435/mL, respectively) [50].
Contrary to circulating IgG4, RTX induced significant decline of plas-
mablasts during complete or part remission. Thus, circulating plasma-
blasts emerged as a new very attractive biomarker of IgG4-RD activity.
Moreover plasmablasts count of 2000/mL differentiate patients with
IgG4-RD from those without this condition, but its sensitivity and
specificity were modest (87% and 91%, respectively). Plasmablasts and
plasma cells are not directly depleted by anti-CD20 antibodies because
they lack the CD20 molecule. This could explain the persistence of
serum immunoglobulin elevations after treatment with one course of
RTX. In IgG4-RD, serum IgG4 levels decline after B cells depletion but
do not normalise, probably because of the long-lived plasma cells that
continue to produce it [74]. Furthermore, the fact that plasmablasts
rapidly decline following RTX course can be explained by the depletion
of their circulating CD20+ precursors and by their short lifespan.

2.2. The role of T cells (Fig. 1)

T cells are the dominant cell type in the lymphoplasmacytic

infiltrate in IgG4-RD [1]. CD4+ T helper (Th) cells play a critical role in
the adaptive immune system by secreting cytokines that will orches-
trate the activity of other immune cells, including B cells, other T cells
and macrophages. Following a polarizing signal induced by cytokines,
naïve CD4+ Th cells will differentiate into a Th subpopulation. CD4+

Th cell subsets were first described by Mosmann and Coffman in 1986,
who distinguished Th1 from Th2 cells based on their mutually exclusive
production of either interferon-gamma (IFN-γ) or interleukin (IL)-4,
respectively [75]. Other subsets were subsequently described and there
are now 5 main Th subpopulations, with distinct regulating factors,
different secreted cytokines and functions. Globally, Th1 and Th17
regulate cell-mediated immunity (CD8 cells and macrophages) and Th2
and T follicular helper (Tfh) cells regulate humoral immunity (invol-
ving B cells). Th2 cells produce IL-4, IL-5, IL-13 and are involved in
allergy. Regulatory T cells (Treg) are crucial for maintaining self-tol-
erance. They modulate T and B cells responses by the secretion of anti-
inflammatory cytokines IL-10 and transforming growth factor-beta
(TGF-β) and by direct interaction with effector immune cells. Th sub-
populations are self-regulating. Each class secretes a cytokine that fa-
vour it differentiation and expansion while inhibiting it differentiation
in another Th type. This is particularly true for the subset Th1/Th2 and
Th17/Treg. Thus, Th2 responses can counteract Th1-mediated action
[36].

Th1-mediated immune reactions have been reported to participate
in the mechanism of IgG4-RD as circulating Th1 cells are increased in

Fig. 1. Cellular T immunity and IgG4-RD. Chronic exposure to unknown antigens activates antigen presenting cells (APC) and naive or memory B cells that can in
turn trigger CD4+ T cell activation and polarization under local signals and cytokines from the innate immune system. T regulatory cells (Treg) might induce
fibroblast activation and extracellular matrix accumulation through secretion of profibrotic cytokines TGF-β 1 and IL-10, the latter also inducing the differentiation of
B cells IgG4 producing plasmablasts and plasma cells. Activated Th2- T cells also promote IgG4-class switch via secretion of Th2-derived cytokines IL-4 and IL-13. Th1
T cells might play a role in IgG4-RD pathophysiology via their production of IFN-γ that activate macrophages and cytotoxic cells. However, it seems that this
production is derived from CD4+ cytotoxic lymphocytes that secrete also Granzyme and TGF-β1 leading to tissue lesions. In the T-cell rich zone of tertiary lymphoid
organ (TLO), APCs induce the differentiation of Tfh2 cells, that upregulate inducible T-cell co-stimulator (ICOS) and CXC-chemokine receptor 5 (CXCR5), thus
migrating to the B-cell rich zone where CXCR5 interacts with CXC-chemokine ligand 13 (CXCL13). This chemokine can be produced by follicular dendritic cells
(FDCs), resulting in the formation of ectopic germinal centre (eGC) in the involved organ. Within eGC, Tfh2 provide cognate help for B cells and secrete high levels of
IL21, which induce IgG4 class-switching, affinity maturation and somatic hypermutation, in synergy with IL-4 release. Whether IgG4 itself contribute to tissue
damage is actually unknown.
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patients with this condition. Indeed, among 10 patients with IgG4-re-
lated sialadenitis, the percentage of blood IFN-γ expressing CD4+ Th1-
like cells and IFN-γ concentrations were significantly higher compared
to HC, contrary to Th2 cells (see below for Th2 involvement in IgG4-
RD) [76]. In line with this, circulating CD4+ Th1 lymphocytes levels
from patients with AIP were also greater than those from controls and
IL-4 levels were not increased [77]. These studies used a single colour
staining to characterize CD4+ T cells. However, recent data that used
multi-colour immunofluorescence staining of the tissues found that in
patients with IgG4-related dacryosialadenitis (DS)- or MD- secretion of
IFN-γ was mainly linked to infiltration by another type of T cells, CD4+

IFN-γ+ cytotoxic T lymphocytes (CTL) which also produce granzyme A.
Granzyme A-Th1 cells and CD4+GATA3+ Th2 cells were rarely found
[78]. Thus, whether CD4+ T cells identified in previous reports by
single colour staining were in fact CD4+CTL or “true” Th1 cells or both
remains unknown. Apart from Th1 and CD4+CTL cells, IFN-γ produc-
tion which is enhanced in IgG4-RD can be achieved by another Th
subset: Tfh and a recent report indicated elevated amounts of activated
Tfh1 in this disease [79–81].

Organs affected by IgG4-RD are characterized by fibrosis and IgG4+

bearing plasma cells infiltration. This condition is regarded as a con-
sequence of a Th2-driven immunological response thorough the pro-
duction of Th2 associated cytokines – IL-4 and IL-13 and a T regulatory-
driven mechanism thorough the secretion of the Treg cytokines TGFβ
and IL-10. Indeed, IL-13 and TGFβ favour fibrogenesis by myofibro-
blasts differentiation and production of type 1 collagen, fibronectin and
periostin [82,83], while IL-4 and IL-10 induced IgG4 class-switch in
naïve B cells. IL-13 can modulate collagen homeostasis, induce fibrosis
by local activation of TGFβ [84,85], suppress matrix metalloproteinase-
1 (MMP-1) induction, enzyme involved in collagen degradation [86].
Overexpression of TGFβ and periostin has been reported without IL-
13+ cells in IgG4-RD patients [87].

Immunohistochemical analysis of labial salivary gland sections from
patients with MD showed infiltration by Treg cells and increased ex-
pression of messenger RNA (mRNA) for IL4, IL5, IL10, TGF-beta and
FoxP3 – the hallmark of Treg- compared to controls and to patients with
SS. In addition, it was positively correlated with the IgG4+/IgG ratio.
This suggests promotion of B cells to produce IgG4 by Th2 and reg-
ulatory mediated immune responses [88]. The increased proportion of
Th2 and Treg cells or their subsequent cytokines is also reported in
IgG4-related TIN [89], in AIP, IgG4-related cholangitis and IgG4-re-
lated lung disease [90,91]. In peripheral blood, increased T helper
subsets, particularly Th2 and Treg are reported in IgG4-RD patients
[92]. IL-10 is implicated in T cell tolerance, but it also suppresses al-
lergen-specific IgE while increasing IgG4 production. Blockage of the
IL-10 receptor on Treg cells diminishes the suppression effect on IgE
and the induction effect on IgG4, supports this fact [93]. IL-10 po-
tentiate IL-4 induced IgG4 switch [94]. Although those findings sug-
gesting Treg cells involvement in IgG4 class-switching is not such ob-
vious. Indeed, despite increase in serum IgG4 levels, patients suffering
from eosinophilic granulomatosis with polyangiitis display decreased
circulating Treg [95,96].

The relative frequency of an atopic history, peripheral blood eosi-
nophilia and serum IgE elevation supports the role of Th2 cells in the
IgG4-RD pathophysiology as atopic features are generally induced by
Th2 derived cytokines [71,81,97]. However, Mattoo and coll. have
recently demonstrated that circulating GATA-3+ Th2 memory cells
were increased only in IgG4-RD patients with a history of atopy, in-
dicating thus that expanded Th2 responses may in fact result from the
concomitant atopic condition, inducing a bias [98]. In the same way,
conflicting results are found among the prevalence of atopy in IgG4-RD.
According to a study by Della Torre and coll., only 31% of the 70 pa-
tients with IgG4-RD were atopic, 35% had elevated serum IgE levels
and 27% had blood eosinophilia and those elevations were more fre-
quent in atopic patients [99]. This is against the notion of allergic-
driven immune response in IgG4-RD patients. However, among atopic

and non-atopic patients with serum IgE elevations and/or peripheral
blood eosinophilia, there was no significant difference in the mean
value, suggesting that this increase is not related to the atopic mani-
festation but to the IgG4-RD itself. Another controversial result re-
garding the role of Th2 cells comes from the observation in the involved
organ of an enhanced expression of IL-4 mRNA in IgG4-RD despite a
lower GATA3+ Th2 mRNA expression, suggesting that this cytokine is
produced by non-Th2 cells [78]. Concerning Treg, we also find dis-
crepancies as a recent report by Mattoo and coll. related only a minimal
increase in circulating Treg in IgG4 patients that was not statistically
significant compared to controls [100]. Taken together, the hypothesis
is that the presence of Th2 derived cytokines (IL-4 and IL-13) and Treg
derived cytokines (IL-10 and TGFβ) promote a switch to the IgG4
subclass and fibrogenesis. This concept is evolving as new Th subsets –
particularly T follicular helper- appear to play a critical role in the
pathophysiology of IgG4-RD (see below).Under the influence of TGFβ,
IL-6 and IL-23, naïve CD4+ T helper cells differentiate in the Th17
subset. These lymphocytes produce IL-17, a potent pro-inflammatory
cytokine, and play a major role in anti-infectious, inflammatory im-
mune responses and auto-immunity [101–103]. Indeed, IL-17 was not
found in labial salivary gland sections of patients with MD contrary to
those with SS [88]. However, in a recent prospective study [53] com-
paring 28 patients with untreated IgG4-RD and different affected or-
gans to patients with SS and healthy individuals, analysis of peripheral
lymphocytes has shown that IL-17+producing CD4+ T cells were sig-
nificantly increased in patients with IgG4-RD compared to HC. T cell
polarization toward Th17 may then be implicated in the disease pa-
thophysiology but this requires further evaluation.

2.2.1. The role of T follicular helper cells
Interestingly, ectopic germinal centers (GC) are usually found in

IgG4-RD affected tissues [104,105]. We distinguish 2 compartments in
mature GC based on their histologic appearance: the dark zone with
high density of proliferating B cells who undergo somatic hypermuta-
tion before moving to the light zone where their density is lower where
follicular dendritic cells (FDC) and CD4+ Tfh cells are located [106].
Both are crucial for induction of GC, generation of affinity-matured
antibodies, isotype switching, somatic hypermutation and plasmablast
and plasma-cell genesis even if they represent only 5% to 20% of GC
cells in secondary lymphoid organs [107,108]. Tfh cells were initially
described based on the expression of the B cells homing chemokine
receptor CXCR5 in the GC of human tonsils, where they induced anti-
body production by B-cells [109,110]. CXCR5 interacts with its ligand
CXCL13 in the follicle. They also differ from other Th populations by
expressing a unique combination of other molecules and cell-surface
proteins [111,112].

Tfh cells surface molecules interact with ligands located on the
surface of B cells then could be implicated in IgG4-RD pathophysiology.
They produce mainly IL-21, hallmark cytokine allowing B cell differ-
entiation toward plasmablasts [113] as well as IL-4 in lesser amounts
[114], both interleukins enable class-switch of IgG4 [115,116]. In IgG4-
RD patients, Tissue expression of IL-21 within germinal center is crucial
for GC maintenance. Indeed levels of IL-21 mRNA expression in labial
salivary glands of MD patients positively correlated with the number of
ectopic GC and the IgG4+/IgG ratio [117]. Tfh population can be di-
vided in at least three functionally distinct subsets depending on their
pattern of surface antigens CXCR3 and CCR6: CXCR3+CCR6−Tfh1
cells, CXCR3−CCR6−Tfh2, and CXCR3−CCR6+ Tfh17 cells [79]. Tfh1
cells secrete IFN-γ and have limited class switching activity whereas
Tfh2 and Tfh17 cells induce the switching of immunoglobulin isotypes.
The role of Tfh cells can also be assessed by studying their presence in
peripheral blood. Circulating Tfh cells (cTfh) share similar markers and
function with Tfh cells in GCs [118]. It has been shown that Tfh are
involved in several immune-mediated diseases and cTfh can represent a
potential biomarker for the monitoring of disease activity and in allergy
[119–124]. In IgG4-RD, higher circulating levels of cTfh1 and cTfh2
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subsets and not cTfh17 as compared to primary SS (pSS) patients,
Castelman's disease patients or HC have been reported. In vitro ex-
periments Tfh2 cells induce differentiation of naïve B cells into plas-
mablasts and IgG4+/IgG ratio [81]. Recently, infiltrating Tfh cells in
submandibular glands positively correlated with sIgG4 levels in 6 pa-
tients with IgG4-related dacryosialadenitis (DS) [125].

In parallel, in a larger cohort of 46 patients with IgG4-RD, Tfh were
significantly expanded in peripheral blood and in involved tissues of
IgG4-RD patients compared with HC, with a higher expression in af-
fected tissues than blood and a positive correlation between cTfh and
serum IgG4 concentrations, the IgG4+/IgG ratio was found, in line
with previous studies.

Interestingly, mRNA expression of IL-21 in circulating mononuclear
cells of IgG4-RD was also higher compared with HC, and positively
correlated with serum levels of IgG4 and IgG4/IgG ratio. Furthermore,
analysis of subsets has demonstrated a higher elevation in cTfh1 and
cTfh2 and those cells favoured B cells differentiate into IgG4 producing
plasma cells [126]. Glucocorticoids significantly decrease circulating
activated Tfh2 and plasmablasts levels leading to clinical improvement.
Conversely, disease relapse coincides with their reappearance [53].
Azathioprine combined to RTX also induced a cTfh decrease and disease
remission [81]. Although, if activated Tfh1 cells (able to induce fibrosis
via IFN-γ production) can favour IgG4-RD remains still unclear [127].
Interestingly, abatacept might affect Tfh cells in GC in RTX resistant
IgG4-RD patient [128] and decreased circulating Tfh cells in RA pa-
tients [129].

Taken together, these findings underline the more likely the pivotal
involvement of activated Tfh2 than Tfh1 in plasmablasts expansions
and IgG4 class-switching in IgG4-RD placing them as a useful biomarker
for monitoring IgG4-RD activity.

2.2.2. The role of CD4+ cytotoxic T cells
Recent advances involved another CD4+ T cell type recognized as

CD4+ CD28− T cells (CD4+ CTLs), with cytotoxic capacities as they
transcribe the perforin and granzyme genes [130]. They constitute a
population of effector memory T cells and their expansion in the

peripheral blood and/or affected tissues have been reported in several
immune disorders [131–134], in chronic viral infections and malig-
nancies [135,136]. These cells are able to produce pro-inflammatory
and Th1-like cytokine as IFN-γ [137]. One study have reported clonally
expanded circulating and tissue CD4+ CTLs in IgG4-RD patients with
various organ involvement, with secretion of profibrotic cytokines IFN-
γ, TGFβ and IL-1β. Their number decreased following B-cell depletion
therapy in parallel with clinical improvement. These observations
suggest that the dysregulation of these cells might play a role in the
pathophysiology of IgG4-RD, mainly by contributing to fibrosis [100].
This is in line with another study demonstrating tissue infiltration by
CTLs producing IFN-γ in IgG4-DS patients and where number of CD4+

CTLs in affected tissues correlated with serum IgG4 levels and also with
the total number of disease lesions [78]. More studies on this cell po-
pulation are necessary to well understand their pathogenic role.

2.2.3. The role of CD8+ T cells
CD8+ T cells play a key role in maintaining the integrity of the host

by lysing targeted cells through an MHC (major histocompatibility
complex)- I dependent process or by inducing cell's death via interac-
tion of death-inducing ligands expressed by CD8+ T cells with their
corresponding receptors on the cell surface [138]. Their implication in
the pathophysiology of IgG4-RD is still unclear, but probably limited,
however one study in a small sample reported an enhanced percentage
of peripheral IFN-γ+CD8+ T cell in IgG4-related sialadenitis compared
to HC [76] but the frequency of cytotoxic perforin and/or granzyme
positive CD8+ T cells was lower in IgG4-related sialadenitis compared
to SS patients [139]. Furthermore, PD1+ CTLs cells were found sig-
nificantly more frequently in salivary glands of IgG4-related sialadenitis
than in SS patients and this inhibitory receptor is known to dampen
lymphocyte responses, inducing an exhaustion state or even anergy
[140,141]. The authors of this study suggested in MD that CTLs are
functionally inactivated by PD1 signals like in the exhaustion state.

Fig. 2. Innate immunity and IgG4-RD. Exposure to an unknown antigen- microbial, environmental or self-antigen-, activates the innate immune system through
interaction between Damage-associated molecular patterns (DAMPs) and microbe-associated molecular patterns (MAMPs) and their receptors, mainly Toll-like
receptors (TLRs) and NOD-like receptors (NLRs), expressed in monocytes and basophiles. This interaction activates nuclear factor κB (NFκB), leading to production of
B-cell-activating factor (BAFF) which enables expansion of IgG4-switched B cells and production of IgG4 antibodies in a T independent pathway. When activated,
monocytes migrate to tissue and become tissue-resident macrophage. IL-33, a member of the IL-1 superfamily, binds to ST2-receptor expressed in macrophage and
can induce polarization toward the M2 phenotype with the expression of CD163. These M2 macrophages might induce tissue fibrosis via production of CCL-18, IL-10
and maybe IL-13.
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2.3. The role of innate immune system (Fig. 2)

2.3.1. The role of macrophages
Recent investigations have focused on the importance of the innate

immunity in the pathogenesis of IgG4-RD and it interaction with the
adaptive immune responses. Initiation of innate immunity begins by the
recognition through pathogen recognition receptors (PRR) of microbe-
associated molecular patterns (MAMPs) or non-microbial damage-as-
sociated molecular patterns (DAMPs). There are four types of PRR: Toll-
like receptors (TLRs), nucleotide-binding oligomerization domain
(NOD)-like receptors (NLRs), RIG-I-like receptors, and C-type lectin-like
receptors [142–145]. In monocytes from HCs, stimulation of NOD-2-LR
by muramyldipeptide (MDP)-a small fragment of bacterial cell wall-
induced IgG4 production by B cells in a T-cell independent way. This
interaction activated nuclear factor κB (NFκB), leading to B-cell-acti-
vating factor (BAFF)-dependent induction of IgG4 production [146]. In
patients with AIP, production of IgG4 was enhanced upon stimulation
with both NLR and TLR ligands. They concluded that the im-
munopathogenesis of AIP might be related to an abnormal innate im-
mune response to microbial antigens [147]. Macrophages can play
various roles in tissue injury as well as repair and fibrosis [148]. There
are two types of macrophages, based on their in vitro stimulation by
cytokines: M1-activated macrophages - classically activated- with pro-
inflammatory and antimicrobial functions as attested by their produc-
tion of inducible nitric oxide synthase (iNOS) and cytokines TNF-α, IL-
6, and IL-12 and M2-activated macrophages- alternatively activated-
with anti-inflammatory properties as they are induced by Th2 cytokines
IL-4 and IL-13 and can produce pro-fibrotic factors such as CCL-18, IL-
10 and IL-13. However, overlaps exist [149–151]. As IgG4-RD is
characterized by fibrosis, macrophages could contribute to the patho-
genesis. In line with this, Furukawa and coll. have shown an over-
expression of macrophage markers in submandibular glands (SMG) of
IgG4-DS patients compared to SS and HC. These cells were localized in
and around areas of fibrosis and were mainly M2 macrophages re-
garding their CD163 expression. M2 macrophages co-localized with
pro-fibrotic factors IL-10 and CCL-18 (but not IL-13) suggesting thus
that fibrosis might be promoted by enhanced production of these cy-
tokines by M2 macrophages. Moreover, the fibrosis score positively
correlated with the CD163/CD68 ratio in SMGs from IgG4-DS patients.
These observations were not limited to SMG but were also found in
other involved organs of IgG4-DS patients. The same group has recently
shown that the newly identified member of the IL-1 superfamily of
cytokines, IL-33, a potent innate immune system activator can polarize
macrophages towards the M2 phenotype via it binding to ST2 receptor,
thus enhancing Th2 immune responses [152]. The expression of IL-4
and ST2 receptor were significantly higher in IgG4-DS than SS patients
and HC and IL-33 seemed to be produced by M2 macrophages in sali-
vary glands specimen. mRNA expression of IL-33 positively correlated
with that of Th2 cytokines these patients [153]. M2 macrophages were
also detected in high proportion in IgG4-related sclerosing pancreatitis
[154,155]. In conclusion, M2 macrophages are thought to contribute to
“Th2 mediated immune response” described in IgG4-RD, but more
evidence is needed.

2.3.2. The role of basophils and eosinophils
Growing interest is also concerning the role of basophils and eosi-

nophils in IgG4-RD. Basophils are recruited in the peripheral tissue in
case of an immunologic or pathologic event, especially host responses
to parasitic infection and IgE-associated allergic inflammatory re-
sponses. However, their accumulation has been reported in other nu-
merous diseases, including autoimmune conditions, rejection or he-
matologic malignancies. They produce Th2 type cytokines when
activated and can also act as antigen-presenting cells for Th2 responses
[156, 157]. Their contribution in IgG4-RD has been recently evaluated
upon activation of their TLRs and NLRs [158]. One has observed an
IgG4 production by B-cells under stimulation of basophils with TLR2 &

4 ligands in HCs as well as production of BAFF and IL-13 after activa-
tion of TLR4. IgG4 production was dependent from a BAFF signalling
pathway. Furthermore, basophils from patients with AIP induced a
more pronounced IgG4 production than those from HCs, suggesting that
TLR-mediated innate immunity represented here by basophils might
contribute to the development of IgG4-RD in a T-independent process
involving BAFF signals, as observed previously with macrophages.
However, the sites where basophil activation occurs remains unclear.
Eosinophilia has been described in IgG4-RD. In blood, eosinophilia is
found in approximately 30-40% of IgG4 patients [159–161]. As ex-
plained, IgG4-RD was thought to be driven by an allergic process, as a
substantial proportion of IgG4-RD patients is atopic, but eosinophilia is
not limited to atopic patients. Eosinophils secrete type 2 cytokines and
TGFβ1 and have been linked to the development of fibrosis in various
organs, such as liver, lung or skin [162–164], but results are conflicting,
such as in liver fibrosis where eosinophils have recently been found to
correlate with severity of fibrosis in non-alcoholic fatty liver disease
(NAFLD) [165] while promoting tissue regeneration in the same organ
in other conditions [166]. As eosinophils may express MHC class II
[167,168], they can act as antigen presenting cells to CD4+ T-cells
[169] and this function may play a role in IgG4-RD pathophysiology,
but all these speculations remains actually vague.

2.3.3. The role of complement system
Complement system is a critical component of the innate immunity.

Activation can be achieved through 3 recognized pathways that all lead
to the cleavage of C5: the classical pathway, the mannose-binding lectin
(MBL) pathway and the alternative pathway [170]. Hypocomple-
mentemia is regularly reported in IgG4-RD [105,161]. In 44 patients
with AIP, Muraki and coll. observed hypocomplementemia in 36% of
cases [171]. As the C4 fraction was decreased, activation through the
alternative pathway seems doubtful. The classical and the MBL medi-
ated complement pathway might then be involved as it is established in
several auto-immune diseases [172–174]. In AIP patients, serum MBL
levels were increased compared to controls and chronic pancreatitis
patients. However, one would expect low concentrations in case of
activation through this way. Furthermore, there was no correlation
with disease activity and no significant variation after steroid based
therapy [171]. Taken together, MBL pathway seemed to be not in-
volved in pathophysiology of IgG4-related sclerosing pancreatitis,
contrary to the classical pathway which seemed to be activated by IgG1
as attested by significant association between elevated levels of circu-
lating immune complex, high serum IgG1 concentrations and low C3
and C4 levels [171]. In line with this, in the study by Wallace and coll.
[25] patients with hypocomplementemia and elevated serum IgG4
concentrations tended to present raised levels of other serum IgG sub-
classes, suggesting that one of these IgG could be implicated in low
complement levels. On the other hand, by analysing which IgG subtypes
could contribute to the activation of the complement in three IgG4-RD
patients –with various affected organs- with hypocomplementemia,
Sugimoto and coll. [175] have observed reduced complement activity
in all pathways in such patients. In addition, the serum levels of C1q-
binding IgG4 were high in IgG4-RD patients with hypocomplementemia
and immune complexes (ICs) in polyethylene glycol (PEG) precipitates
were formed with IgG4 regardless of hypocomplementemia. Normal
human serum (NHS) incubated with PEG-IC isolated from IgG4RD pa-
tients with hypocomplementemia resulted in a marked reduction of
CH50 and reduced complement activity in the classical and MBL
complement pathway. The authors concluded that IgG4 could partici-
pate in the complement activation through different pathways, which is
contradictory to report from Muraki and coll. where IgG1-type IC was
supposed to activate of the classical complement pathway [171]. Ac-
cording to the authors, this might be explained by the difference in
methods applied: indirect observation in the AIP study and direct one in
the latter. Another reason could be differences in affected organs, al-
though there are components of the same disorder – AIP versus MD. In
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conclusion, knowledge about complement activation in IgG4-RD re-
mains limited in view of controversy on what complement pathway is
involved. Recently described in RA, anti-IgG4 hinge antibodies were
directed against the IgG4 F(ab’)2 fragment of anti-citrullinated protein
antibody and could activate complement through formation of ICs
[176]. Their presence among IgG4-RD should be evaluated to provide
new insights into mechanisms of complement activation.

2.4. The role of tertiary lymphoid organs

Tertiary lymphoid organs (TLOs) are accumulations of lymphoid
and stromal cells that develop in response to inflammatory signals.
These structures are also known as ectopic lymphoid follicles or ectopic
lymphoid structures as they develop outside of secondary LOs [177].
TLOs include compartmentalized T cells with CD4 and CD8 subsets,
compartmentalized B cells and plasma cells who may organize into
germinal centers and dendritic and follicular dendritic cells (FDC) who
are part of antigen presenting cells. There is expression of lymphoid
chemokines CXCL13, CCL19 and CCL21 who regulate localization of GC
B cells and are necessary for the recruitment of T cells and dendritic
cells [178]. TLOs are described in various conditions such as auto-im-
mune diseases, graft rejections, chronic infections or malignancies.
Whether they are pathogenic or protective is still unclear [179–186]. As
IgG4-RD is characterized by an inflammatory process, TLOs at affected
sites are a frequent finding. Indeed, Maehara and coll. have observed
ectopic lymphoid structures with germinal centers in 12 of 20 patients
with IgG4-DS [104]. TLOs were reported in 13 of 22 patients with IgG4-
RD in other report [187]. They seem to be more frequent in head and
neck affected organs than others [32]. However, the diagnostic value of
tissue TLO as a biomarker of IgG4-RD activity is until now unknown. It
has been hypothesized that these structures could contribute to therapy
resistance in inflammatory processes [188,189]. Administration of anti-
CD20 monoclonal antibodies is actually guided by peripheral circu-
lating B cells depletion, but this could be inappropriate because it may
not reflect its impact regarding what is happening in the targeted organ,
in particular what is the effect of this therapy on TLOs [190]. Indeed,
despite a complete disappearance of circulating B-cells after adminis-
tration of RTX in patients with chronically rejected allografts, func-
tional TLOs were still detected within the graft, with local production of
alloantibodies [191]. In patients with SS, incomplete B cell depletion
was seen in repeated salivary gland biopsies after RTX therapy [189].
Thus, niches of B cells and plasma cells that escape depletion are fre-
quently observed in TLOs. This resistance might be due to survival
signals to B lymphocytes provided by inflammatory microenvironment
[192].

2.5. Interactions between the immune system and the epithelium of target
organs in the pathogenesis of IgG4-RD

Strikingly IgG4-RD mainly targets exocrine glands such as pancreas,
bile ducts, salivary and lacrimal gland. Therefore, the interaction(s)
between the immune system and the epithelium could be involved in
the pathogenesis of this disease. Indeed, subcutaneous injection of IgG
from patients with IgG4-RD induced pancreatic and lower bile duct
injury in mice, but no pathological change in prostate, heart, lung or
liver [48]. In this in vivo experiment, IgG deposits, especially IgG1 and
IgG4, colocalised with collagen IV - the main collagen component of the
basement membrane (BM) suggesting a possibility of interaction be-
tween antibodies and molecules of BM and/or other cell adhesion
molecules. However, until today no autoantigen within the extract of
proteins from BM has been identified. Interestingly, Detlefsen et al.
[193] found also complement C3c deposits along BM of pancreatic
ducts and acini in patients with AIP as well as BM of the peribiliary
tubular glands in a patient with IgG4-related sclerosing cholangitis,
reinforcing the hypothesis of immune-complex mediated pathway in
the pathophysiology of IgG4-RD. The importance of the epithelial cells

is moreover underlined by the presence of IgG4 deposits within BM of
renal tubules in patients IgG4-TIN [194]. Beside Helicobacter pylori as-
sociated antigens, lactoferrin (localised within the cells membrane) and
carbonic anhydrase II (localised within carboxysome in cytoplasm)
have been proposed as the antigens but are not associated with the BM.
Both are produced by the secretory cells of exocrine glands and renal
tubules [195–197]. Recently, a new 13.1kDa protein - not yet identi-
fied, has been detected in the serum of all patients presenting with AIP,
MD or TIN [198]. and might constitute one candidate of the antigens
involved in the immune response during IgG4-RD.

3. Conclusion

IgG4-RD is a recent acknowledged complex entity through its nu-
merous presentation that can mimic various conditions, making diag-
nosis challenging especially in the absence histopathological proof.
Awareness of this disease is growing, especially in Europe where its
epidemiology is still lacking. The mechanism of IgG4-RD is still not well
defined as well as the target antigen, but recent advances that we tried
to review in the present work highlight the interplay between innate
and adaptive immune responses as well as collaboration between B cells
and T cells and involvement of Tfh cells, leading to IgG4 class
switching, tissue fibrosis, GC formation and plasmablasts differentia-
tion. Thus, circulating Tfh2, plasmablasts and tissue TLO have emerged
as the most promising biomarkers reflecting IgG4 RD activity. Targeting
TLOs in the inflamed tissues could constitute a novel approach to
minimize relapses but further studies are needed to better understand
their pathogenic and/or protective role and to confirm their value in
every day clinical practice to monitor the immunologically active dis-
eases and to better adapt immunosuppressive therapies.
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