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ﬁi{‘g‘:ﬁ;hne these B cells and T cells in the pathogenesis of IgG4-RD, and we and other authors further identified CD4*
Anti-inflammatory cytotoxic T lymphocytes as the main tissue-infiltrating CD4" T cell subset in IgG4-RD tissues. Additionally, T
Single-cell RNA sequencing follicular helper cell subsets that play a role in IgG4 isotype switching have been identified. In this review, we
IgG4-related disease discuss research on IgG4-RD and the roles of B cell and T cell subsets, as well as the functions of CD4" cytotoxic T
Cytotoxic T cells cells in IgG4-RD pathogenesis. We highlight our findings from ongoing research using single-cell analysis of
Salivary gland infiltrating CD4" cytotoxic T cells, CD4" follicular helper T cells, and infiltrating B cells in [gG4-RD and propose a

model for the pathogenesis of 1gG4-RD.
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progress has been achieved in the understanding of its essential features. The central role of B cells in IgG4-RD
has been demonstrated by the robust clinical responsiveness of IgG4-RD to B cell depletion and the identifi-
cation of multiple self-antigens that promote B cell expansion. Studies have increasingly revealed critical roles of
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1. Introduction

Immunoglobulin G4-related disease (IgG4-RD) is a progressive
condition associated with chronic antigen-driven autoimmune ac-
tivation, resulting in severe fibrosis [1-3]. IgG4-RD is characterized
by multiorgan inflammation, elevated serum IgG4 concentration,
tissue infiltration by IgG4" plasma cells, and storiform fibrosis in
various organs, including salivary glands, kidney, pancreas, lung,
lymph nodes, bile duct, prostate, retroperitoneum, and lacrimal
glands [1-4]. IgG4-RD commonly presents to oral surgeons in the
context of Mikulicz’s disease (MD), which refers to bilateral, sym-
metrical, and simultaneous enlargement of both lacrimal and sali-
vary glands. Some patients, however, solely exhibit lacrimal gland
disease or even present with unilateral submandibular gland in-
volvement. For many decades, MD had been believed to be a subtype
of Sjogren’s syndrome [5]. Additionally, for over a century, IgG4-re-
lated submandibular gland disease was known in the medical lit-
erature as Kuttner’s tumor [6]. Both major and minor salivary glands
can be affected by IgG4-RD. Among affected tissues, the salivary
glands yield a large enough volume of tissue collection to allow for
single-cell analysis. In our research to elucidate the pathogenesis of
this disease, we have focused our research on infiltrating lympho-
cytes on various affected organs, including salivary glands, lacrimal
glands, kidney, and others, in patients with IgG4-RD.

Important mechanistic insights regarding the pathogenesis of
IgG4-RD have gradually been elucidated in recent years. CD4* T and
B cells constitute the major inflammatory cell population in patients
with IgG4-RD and likely cause organ damage and disabling tissue
fibrosis in patients. Affected patients with active, untreated disease
have a marked expansion of IgG4-secreting plasmablasts in the
blood. Exploring the role of interactions between CD4" T and B cells
in patients with IgG4-RD is a highly promising field of investigation.

In this review, we focus on some studies of disease-specific T cells
and B cells in this disease, and we highlight our findings from on-
going research using single-cell analysis of infiltrating CD4" T cells in
IgG4-RD. Furthermore, we propose a model for the pathogenesis of
1gG4-RD.

2. Expansion of antibody-secreting cells (ASCs) in IgG4-RD

B cells are the most abundant cells in the lymphoplasmacytic
infiltrate in the lesions of IgG4-RD [1,7]. If a particular treatment
significantly inhibits or reverses disease progression, it can provide
important clues as to the pathogenesis of the disease. Two ther-
apeutic strategies, systemic corticosteroid administration and B cell
depletion, are both significantly effective for IgG4-RD. Although
steroids are generally considered “nonspecific,” the immune effects
of systemic steroid therapy largely target myeloid cells and T cells
[8]. In contrast, anti-CD20-mediated B cell depletion, while not di-
rectly targeting T cells or myeloid cells, is also a very effective
therapy for this disease. These results suggest that T cells, myeloid
cells, and B cells may drive the progression of IgG4-RD [9,10].

Mattoo et al. [7,11] described the oligoclonal expansions of IgG4-
expressing and non-IgG4-expressing activated B cells including
plasmablasts (activated ASCs) in patients with IgG4-RD. Depletion of
the B cell lineage with rituximab (anti-CD20 monoclonal therapy)
results in striking clinical improvement in IgG4-RD patients [9],
suggesting that B cells play a role in the pathogenesis of IgG4-RD.
Circulating plasmablasts and activated B cells are heavily somatically
hypermutated, implying that these B-lineage cells are derived with
the help of disease-specific CD4" T cells [11]. Pillai et al. [12] showed
that B cell depletion therapy is effective in patients with auto-
immune disease when somatically hypermutated B cells or plas-
mablasts at disease sites are likely to be important antigen-
presenting cells. This suggests that activated B cells that express
MHC class II and high-affinity BCRs are well suited to capture protein
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autoantigens and process and present peptide antigens on the ap-
propriate MHC class Il molecules to disease-specific CD4" T cells that
may contribute to disease [13]. In patients with 1gG4-RD, 1gG4-se-
creting plasmablasts or other activated B cells might interact with
disease-specific CD4" cells [14]. These findings imply that this B cell
lineage cell is derived with assistance from the CD4" T cells.

3. Other activated B cells: Double negative (DN) B cells and
activated naive B cells

DN B cells are a B cell population that lacks expression of im-
munoglobulin D and CD27 memory marker. These cells expand in
older healthy individuals, but accumulate early in patients with
autoimmune (rheumatic disease, systemic lupus
erythematosus:SLE) [15-17] and infectious diseases, including
COVID-19 [18]. In SLE, DN B cells respond to TLR7 ligands, IFN-
gamma, and IL-21 cytokines and become ASCs [17]. A recent study
using single-cell transcriptomics and repertoire analyses of B cells
revealed that activated B cell populations (DN B cells and activated
naive B cells) which are precursors of activated ASCs. Here, we de-
scribe the DN B cell population and its subsets, as well as the as-
sociation of DN B cells with other B cells that arise in autoimmune
and infectious disease.

Sanz et al. reported that DN B cells were divided into two sub-
groups depending on the expression of follicular homing marker
CXCR5 [17]. The CXCR5" subgroup, now known as DN1, is the DN
subpopulation that expands in older healthy individuals [19], and
this population has been shown to be less important in autoimmune
and infectious diseases. In contrast, the CXCR5™ subgroup constitutes
the extrafollicular (outside germinal centers) DN2 subset and is
considered to be of high importance for the induction of auto-
immunity and/or the control for the induction of autoimmunity and/
or the control of chronic infections [20]. These DN2 cells differ-
entiate from activated naive B cells that recognize specific self-an-
tigens [17]. DN2 cells then expand dramatically and lead to the
generation of autoreactive ASCs. DN2 cells are more marked in ac-
tivated SLE [20], but they are not as elevated in rheumatoid arthritis,
IgG4-RD, primary Sjogren’s syndrome, and scleroderma patients as
in SLE patients [17]. Thus, the DN2 subset was presumed to be SLE
specific. More recent studies have identified a new subset of DN cells
other than DN1 and DN2 (DN3 cells), and this new DN subset might
be of high importance in the induction of other autoimmune dis-
eases, including 1gG4-RD, and in the control of chronic infectious
diseases.

The previously unreported DN B cell subset, DN3, was detected in
COVID-19 patients. This novel subset is defined by the absence of
CD21 and CD11c and is associated with an extrafollicular immune
response, similar to DN2 cells [21,22]. Compared with DN2 cells, DN3
cells showed a broader significant correlation pattern with labora-
tory features associated with critical COVID-19. However, this new
subset has not been characterized. Notably, DN3 cells are associated
with predominant extrafollicular B cell responses, as they are con-
sidered to be newly recruited extrafollicular B cells with low somatic
mutations and low affinity maturations [21]. While the germinal
center (GC) response remains the focus of B cell research, extra-
follicular B cell responses -the development of antibodies outside of
the B cell follicles with extrafollicular disease-specific CD4'T cell
help - are of great interest to researchers [23,24]. DN B cells have
also been implicated in the pathogenesis of [gG4-RD, although only a
few reports are available. However, the importance of DN3 cells in
IgG4-RD, which is considered to develop antibodies outside of the B
cell follicles with the help of extrafollicular disease-specific CD4'T
cells, is strongly suggested; more detailed analyses of extrafollicular
activated B cells, including DN3 cells and activated naive B cells, is a
theme in IgG4-RD that we are investigating and more studies will be
completed in the future.
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Fig. 1. Schematic illustration of disease-specific CD4*CTLs and IL-10"LAG3" Tfh cells in IgG4-RD.

4. Analysis of tissue-infiltrating CD4'T cells using single-cell
analysis

The heterogeneity of human infiltrating CD4"T cells in tissues has
been observed in numerous autoimmune, allergic, and chronic in-
flammatory diseases [25,26]. CD4" T cells, orchestrators of adaptive
immunity, are divided into Th1, Th2, Th17, follicular helper T (Tfh),
peripheral T helper (Tph), CD4" cytotoxic T lymphocyte (CD4" CTL),
Treg, type 1 regulatory T (Tr1), and follicular regulatory T (Tfr)
subsets; these cells express distinct transcription factors and many
secrete defined sets of cytokines [27-30]. Improved unbiased
methods to identify tissue-infiltrating T cells directed against a
causal antigen are needed to focus on disease-specific T cells. Single-
cell RNA sequencing (scRNA-seq) has evolved rapidly in recent years.
scRNA-seq analyses capture several aspects of T cell states. However,
these analyses generally have not demonstrated distinct clusters of
paradigmatic T cell effector subsets, such as Th1, Th2, and Th17 cells.
Global transcriptomics reliably identifies both proliferating T cells
and regulatory T cells (Treg cells) and has helped to identify novel
effector subsets in inflammatory tissues such as Tph cells and CD4*
CTLs [25,31]. Analysis of gene expression in disease-linked immune
cells, especially T cells obtained from affected tissues of untreated
patients, is essential to obtain a more complete picture of the pa-
thogenesis of diseases with tissue inflammation. Few studies thus far
have analyzed infiltrating T cell subsets by single-cell analysis in the

@CD4 @ONKG7 @GZNMA @SLAMF7 @DAPI

affected tissues in IgG4-RD. Therefore, scRNA-seq techniques should
be used to explore the immunological mechanisms that promote
inflammation and fibrosis in lesional T cell- and activated B cell-
mediated autoimmune disease in future studies.

5. IgG4 class switch recombination occurs frequently in
extrafollicular areas with IL-10°LAG3"T follicular helper T cells in
IgG4-RD

The pathogenesis of [gG4-RD is deeply related to B cell activation,
and therefore it has been assumed that these are disease-specific
CD4" T cells that act directly on B cells. T follicular (Tfh) cells are a
subset of CD4" T cells that assist B cells during T cell-dependent
immune responses and contribute to isotype switching, somatic
hypermutation, germinal center formation, and high-affinity B cell
selection in germinal centers [32,33]. Tfh cells are distinguished
from other CD4" T cells by their expression of inducible T-cell co-
stimulator (ICOS) and B-cell lymphoma 6 (Bcl6). Tth cells were ori-
ginally observed in the light zones of germinal centers, but broadly
similar cells have also been observed outside follicles at the T cell
zone-B cell follicle interface (T-B interface). We and other groups
have argued that class-switching events also occur outside the fol-
licle [23,24]. In extrafollicular foci, B cells that are activated by T cells
through CD40L may undergo some degree of differentiation into
plasma cells and isotype switching [34]. IgG4-RD is an autoimmune

gG4-RD

Fig. 2. CD4" CTLs were abundant in IgG4-RD tissues. Immunofluorescence staining of CD4 (red), GZMA (magenta), NKG7 (green), SLAMF7 (purple), and 4',6-diamidino-2-
phenylindole (DAPI) (blue) in affected salivary gland tissue from an IgG4-RD patient. White arrows show CD4*NKG7*GZMA*SLAMF7" CTLs.

3
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disease with a characteristic class switching to IgG4, and thus it was
assumed that disease-specific Tfh cells are present in the extra-
follicular area.

In a study using single-cell RNA-seq analysis of infiltrating lym-
phocytes [35], infiltrating Tfh cells in secondary lymphoid organs
and tertiary lymphoid organs from IgG4-RD patients were in-
vestigated [35]. As summarized in Fig. 1, the results showed that the
expanded IL-10-expressing CD4*CXCR5" Tfh cells in affected lesions
from IgG4-RD patients co-expressed IL-21, lymphocyte-activation
gene 3 (LAG3), cytotoxic T-lymphocyte-associated protein 4 (CTLA4),
programmed cell death protein 1 (PDCD1), and ICOS, but not Foxp3;
these cells presumably differed from Treg or regulatory follicular
helper T (Tfr) phenotype cells. Consistent with our findings, in a
study of IL-10 and IL-21 double-reporter mice, Gang et al. revealed
that IL-10"IL-21"CXCR5"PD1* Tfh cells were distinct from Foxp3-
expressing Tfr cells [36]. IL-10"LAG3*Tfh cells were abundant in
extrafollicular areas and might suppress cytotoxic T cells (discussed
below) and/or activated B cells.

6. Clonal expansions of cytotoxic T cells in IgG4-RD

In our prior studies on the pathogenesis of IgG4-RD, we also
demonstrated clonal expansions of CD4*CTLs in the blood [37,38].
CD4" CTLs have a cytotoxic phenotype, expressing granzymes, per-
forin, IL-1b, transforming growth factor beta (TGFb), and a surface
maker of the signaling lymphocytic activation molecules (SLAM)
family, SLAM family member 7 (SLAMF7), which is not expressed on
most other CD4" T cells. We further showed that CD4" CTLs are the
dominant CD4" T cells that infiltrate IgG4-RD tissues using multi-
color immunofluorescence, but these cells are sparse in affected
tissue site from Sjogren syndrome [38]. We showed that these CD4"*
CTLs express granzyme A, natural killer cell granule protein 7
(NKG7), and SLAMF?7 in affected salivary glands in IgG4-RD (Fig. 2).
These cells represent activated CD4" T cells and induced apoptosis in
an ex vivo context. We consider it likely that activated B cells in
disease lesions both secrete profibrotic molecules and present

Extra-follicular
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antigenic peptides to CD4" CTLs, reactivating them and inducing
inflammation and fibrosis. Consistent with this notion is our ob-
servation that circulating CD4"* CTL numbers decline in response to B
cell depleting therapy. Subsequent work by investigators who were
the first to report the expansion of CD4" CTLs [37] reported addi-
tional phenotyping of CD4" CTL; the findings revealed that
CD27'°CD28'°CD57MCD4'SLAMF7" T cells were the dominant ef-
fector subset and exhibited marked clonal expansion and differen-
tially expressed genes relevant to cytotoxicity, activation, and
enhanced metabolism [39]. This subset correlated with a more se-
vere clinical phenotype of IgG4-RD and, consistent with the effector
phenotype in an anti-viral context, showed upregulated CX3C motif
chemokine receptor 1 (CX3CR1) and G protein-coupled receptor 56
(GPR56) and downregulated CD127 in patients with IgG4-RD [39].
We recently demonstrated that recurrent apoptotic cell death, likely
following the recognition of self-peptides by autoreactive CD4* CTL
and CD8" CTL clones, may contribute to cell loss and subsequent
extensive tissue remodeling, which promotes fibrosis and organ
dysfunction [40]. We also revealed significant correlations between
blood CD8" CTL expansion and serum IgG4 levels, suggesting that B
cell responses and CD8" CTL expansion may be linked [40]. In a re-
cent study, single-cell sequencing was performed on blood from
IgG4-RD patients; the expanded T cells associated with the patho-
genesis of IgG4-RD were cytotoxic T cells [41]. Fig. 3 shows a sche-
matic of the pathogenesis of this disease.

7. Other human fibrotic diseases linked to cytotoxic CD4'T cells

Fibrosis is the end result of chronic inflammatory reactions such
as allergic responses, infections, autoimmune reactions, tissue in-
jury, and radiation [42]. Fibrotic diseases likely have many different
etiologies, and they may not all be driven by CD4" T cells [42]. In any
chronic disease that is caused by T cells, the disease-causing T cell
population is likely to accumulate in the circulation as oligoclonally
expanded effector memory cells [43-45]. Our current results in
combination with our recent studies on another fibrotic disease,

Germinal Center

pathway pathway
S
Naive B cell \ Antigen
presentation
s AN=D
:"’ 7 “s
Antigen . Activated
presentdtion” ' ( Naive B cell l9G4
‘ CD4 t@Ehis s N
: . r
. ‘ b ' 4 P Y
| DN Bcell ! ®) @ ~
o, CD8+CTL (DN2, DN3) A 4
\ ) . DN B cell
) (DN1) Antibody
e =~ secreting cell
@ag .. IL10+LAG3+Tfh ¥ Vg |1q, (PBs, Long-lived
@-{/:%O e @) Memory Plasma cell)
Q@ LY  Tueee--e-t - ¥ B cell
Antibody

Apoptotic targets

secreting cell
(Earlly PBs,

Short-lived PBs)
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systemic sclerosis [46] suggest a model that may mechanistically
unify clinically distinct autoimmune fibrotic disorders. Others have
provided evidence for CD4*CTLs being of relevance to fibrosis in
Grave's orbitopathy [47], Histoplasma capsulatum infection [48], and
COVID-19 infection [49)].

Trial status/number
Completed
NCT04540497
NCT02725476
NCT04660565
NCT03669861
NCT04918147

8. Other key cellular mediators of fibrosis in IgG4-RD

Other key cellular mediators of fibrosis include myofibroblasts,
notably infiltrating myofibroblasts that secrete primary collagen
[42]. We previously found that B cells in IgG4-RD contribute to fi-
brosis by secreting profibrotic factors that induce collagen produc-
tion by activated myofibroblasts [50]. We showed that plasmablasts
(and likely other activated B cells) in IgG4-RD may regulate extra-
cellular matrix stiffness by secreting enzymes responsible for the
cross-linking of collagen molecules, such as lysyl oxidase homolog 2
(LOXL2) [50]. Fibrotic remodeling is characterized by fibroblast/
myofibroblast activation and unbalanced extracellular matrix accu-
mulation, resulting in severe fibrosis and structural disorganization
of target tissues. We demonstrated that macrophages were activated
in IgG4-RD lesions; this may lead to persistent stimulation of pro-
cesses involved in the resolution of inflammation and tissue fibrosis.
Activated CD4/CD8 CTLs may induce apoptosis in the mediastinal
space and contribute to overexuberant tissue remodeling and acti-
vation of macrophages and myofibroblasts. Inflammatory macro-
phages and resident tissue macrophages are key regulators of tissue
repair, regeneration, and fibrosis [51]. Disturbances in macrophage
function can lead to the development of pathological fibrosis. The
recruited and resident macrophages proliferate and undergo marked
phenotypic and functional changes in response to growth factors
and cytokines released in the local tissue microenvironment [51].
Our recent study also demonstrated that Mer receptor tyrosine Ki-
nase (MerTK)" macrophages seem to be linked to the previously
established accumulation of activated CD4" CTLs [52]. They also
produce soluble mediators that stimulate local and recruited tissue
fibroblasts to differentiate into myofibroblasts, which may lead to
severe fibrosis [53].

Open-lavel single arm trial,

Phase 2
Double-blind RCT, Phase 2

Open-label single arm trial,

Open-label, single arm trial
Phase 2

Development stage
Double-blind RCT, Phase 3
Single arm trial, Phase 4

Open lavel,

Obexelimab (XmAb5871)

Biological agent
Rituximab
Inebilizumab
Daratumumab
Belimumab
Abatacept
Relatlimab, Fianlimab
E6011
Elotuzumab
Canakinumab
Dupilumab
Infliximab

9. The pathogenesis of Sjogren syndrome

Sjogren syndrome is a systemic autoimmune disease for ductal
cells characterized by lymphocytic infiltration of the salivary and
lacrimal glands. The histologic hallmark of Sjogren syndrome is
lymphocytic infiltration of the affected tissues, in particular by CD4*
T (especially IFN-gamma producing Th1, IL-17-producing Th17 cells,
and Tfh cells) and B cells (various pathogenic B cell subsets) [54]. We
recently reported that CD4" CTLs are the dominant CD4"* T cells in
affected tissue site from IgG4-RD tissues, but these cells are sparse in
those from Sjogren syndrome [38]. It is generally known that CD4"
T cell activation is needed for the establishment of B cell activation in
Sjogren syndrome. Restriction of T cell-dependent B cell hyper-
activity might therefore be an important target for the treatment of
Sjogren syndrome patients. Although the majority of T cells within
the glandular infiltrates of Sjogren syndrome patients are CD4" T
cells, CD8" T cells are also present. Part of these CD8* T cells show an
activated phenotype, as reflected in higher expression levels of HLA-
DR. Increased proportions of HLA-DR*CD8" T cells were associated
with higher disease severity [55,56]. Recently, Kaneko et al., reported
that infiltrating CD8" CTLs might induce ductal apoptotic cell death
in tissues of patients with Sjogren syndrome [57]. In contrast, we
recently reported that infiltrating CD4" CTLs and CD8" CTLs might
induce apoptotic cell death in tissues of patients with IgG4-RD with
preferential targeting of nonendothelial, nonimmune cells of me-
senchymal origin by using scRNA-seq techniques [39]. Exploring
the role of these T cell subsets between Sjogren syndrome and I1gG4-
RD is a highly promising field of investigation. However, few studies

Decrease B cell survival and production of autoantibodies mediated by targeting soluble BLyS
Prevention of CD28 mediated T cell activation by targeting CD80 and CD86 co-stimulatroy

molecules on antigen presenting cells

Depletion of LAG3*T cells
Depletion of plasmablasts, CD4"CTLs, and CD8*CTLs mediated by targeting SLAMF7

Plasmablasts and Plasma cell depletion by targeting CD38"* B cells
IL-1b blockade

B cell depletion mediated by targeting CD20" B cells

B cell depletion mediated by targeting CD19* B cells

B cell inhibition mediated by co-ligation of CD19 and FcyRIIb
Depletion of CD8*CTLs mediated by targeting CX3CR1
CD4"CTLs, and CD8*CTLs mediated by targeting NKG7

IL-4 and IL-13 blockade
Tumor necrosis factor « blockade

Mechanism of action
CCL4 blockade

CCL5 blockade

B cells [11,44,58-64]
T and B cells [37-39,44,58]
Cytokines and Chemokines [37,65-70]

T cells [35,58,64]

Target

Established and novel potential therapeutic targets for I[gG4-RD.

Table 1
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thus far have analyzed infiltrating T cell subsets by single-cell ana-
lysis in the affected tissues in Sjogren syndrome and IgG4-RD.
Therefore, scRNA-seq techniques should be used to explore the im-
munological mechanisms that promote lesional T cell- and B cell-
mediated interaction between these diseases.

10. Conclusion

Our single-cell dataset is an unbiased and comprehensive “atlas” of
cellular subpopulations represented in IgG4-RD. A new era of biologic
therapies is underway as the pathophysiology of IgG4-RD is being
elucidated and promising therapeutic targets are rapidly being identi-
fied (Table 1). In many autoimmune diseases, it is believed that en-
vironmental triggers activate self-active immunological effector
mechanisms in genetically susceptible individuals. Although the un-
derlying triggers of autoimmune fibrotic disorder IgG4-RD are un-
known, the effector mechanism might involve a combination of clonally
expanded cytotoxic T cells and activated B-lineage cells that infiltrate
affected tissues.
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