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Background: The remarkable mechanisms of storiform fibrosis and the formation of

high levels of IgG4 with a pathogenic germinal center (GC) in the inflammatory tissue of

IgG4-RD remains unknown and may be responsible for the unsatisfactory therapeutic

effect on IgG4-related diseases when using conventional therapy.

Objectives: To investigate the mechanisms of interleukin 6 (IL-6) inducing fibroblasts

to produce cytokines for pathogenic GC formation in the development of IgG4-related

disease (IgG4-RD).

Methods: The clinical data and laboratory examinations of 56 patients with IgG4-RD

were collected. IL-6 and IL-6R expression in the serum and tissues of patients with

IgG4-RD and healthy controls were detected by ELISA, immunohistochemistry, and

immunofluorescence. Human aorta adventitial fibroblasts (AAFs) were cultured and

stimulated with IL-6/IL-6 receptor (IL-6R). The effect of IL-6/IL-6R on AAFs was

determined by Luminex assays.

Results: The serum IL-6 and IL-6R levels were elevated in active IgG4-RD patients and

IL-6 was positively correlated with the disease activity (e.g., erythrocyte sedimentation

rate [ESR], C-reactive protein [CRP], and IgG4-RD responder index). IL-6 and IL-6R

expression in the tissue lesions of IgG4-related retroperitoneal fibrosis and IgG4-related

sialadenitis patients were also significantly higher than that in the normal tissues. In

addition, there is a relative abundance of myofibroblasts as well as IgG4+ plasma cells

in the tissues of IgG4-related retroperitoneal fibrosis. α-SMA and B cell differentiation

cytokines (i.e., B cell activating factor), and α-SMA and T follicular helper (Tfh) cell

differentiation cytokines (e.g., IL-7, IL-12, and IL-23) were co-expressed in the local

lesions. In vitro, IL-6/IL-6R significantly promoted the production of B cell activating factor,

IL-7, IL-12, and IL-23 in AAFs in a dose-dependent manner. This effect was partially

blocked by JAK1, JAK2, STAT3, and Akt inhibitors, respectively.

Conclusions: In vitro IL-6/IL-6R trans-signaling in fibroblasts releases Tfh and B

cell differentiation factors partially via the JAK2/STAT3, JAK1/STAT3, and JAK2/Akt
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FIGURE 1 | The level of IL-6 and IL-6R in the serum and tissues of IgG4-RD and the correlation between serum IL-6 and disease activity. (A) The level of serum IL-6

(N = 74) and IL-6R (N = 76) was significantly higher in the active IgG4-RD patients than those in the inactive patients, as well as that of the healthy controls (p < 0.01).

(Continued)
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FIGURE 1 | Compared with the healthy controls, the inactive patients exhibited even lower levels of IL-6R (p < 0.01). (B,C) The salivary gland tissue was comprised

of glandular tube and acinus. Large amounts of lymphocytes and plasmocytes infiltrated the IgG4-related sialadenitis tissue (←), which was in contrast with the small

number of lymphocytes observed in the disease control tissue (←). The control retroperitoneum tissue was comprised of fibrous tissue. However, the IgG4-related

RPF tissue was filled with lymphocytes and plasmocytes (←), while few lymphocytes were observed in the control tissue. The negative (neg.) controls did not show

interference. The immunochemistry results exhibited higher IL-6 and IL-6R expression in both the IgG4-related RPF and IgG4-related sialadenitis tissues compared to

the control tissues, which was confirmed by a semi-quantitative analysis (n = 6) for each group. (D) The level of serum IL-6 showed a positive correlation to ESR, CRP,

and IgG4-RD RI scores in the patients with IgG4-RD (n = 56), but was not correlated with serum IgG4. **p < 0.01.

FIGURE 2 | Representative triple-labeled immunofluorescence images in the IgG4-related RPF tissues. (A) The expression of IL-6, α-SMA, and IgG4 in the lesion

tissues and controls are shown. The white arrow indicates IL-6-producing myofibroblasts (*p < 0.05; n = 6). (B) The relative expression of the proteins was

determined using the ratio of IOD (integrated optical density) to area.

finding indicates that IL-6, which is partially synthesized by
myofibroblasts, might be an initiator for the development of
IgG4-RD under an inflammatory microenvironment.

As the main cellular components of connective tissues,
fibroblasts act as supporting cells, but also play a critical
role in the pathogenesis of inflammatory and autoimmune
diseases (28–30). For example, in rheumatoid arthritis,
synovial fibroblasts stimulated with IL-17 and Cyr61
could over-proliferate (59) and produce IL-6 and IL-8.
This ultimately resulted in synovial hyperplasia, further
Th17 differentiation, and macrophage infiltration (31, 60).
Similarly, skin fibroblasts and keratinocytes have been

found to secrete proinflammatory cytokines and promote
inflammation in some disorders (e.g., psoriasis) (61). It has
also been confirmed that IL-6 could be over-expressed in
AAFs induced by IL-6 via the JAK2/STAT3 and JAK2/AKT
pathways (41). Thus, fibroblasts are considered to be an
important therapeutic target cell in a series of inflammatory
and autoimmune diseases, including rheumatoid arthritis and
Graves’ ophthalmopathy (62, 63). Our results indicate the use
of fibroblasts might be a novel therapeutic target in IgG4-RD,
which is consistent with the phenomenon that IL-6-producing
fibroblasts exist in the submandibular glands of patients with
IgG4-RD (64).
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FIGURE 3 | Exogenous IL-6/IL-6R promotes the production of Tfh cell and B cell differentiation factors. The secretion of cytokines (IL-7, BAFF, IL-12 p70, and IL-23)

in the supernatant after stimulation of IL-6/IL-6R at 24 h and 48 h (n = 6). *p < 0.05 vs. control group (24 h); **p < 0.01 vs. control group (24 h); #p < 0.05 vs. control

group (48 h).

It has been well-established that substantial IgG4+ plasma cell
infiltration is a fundamental feature in the pathologic changes
of IgG4-RD (7, 36, 37). The local ectopic GCF consists of Tfh
cells, B cells, and plasma cells, which are commonly observed
in the affected tissues of IgG4-RD (10, 36, 65). Tfh cells were
found to promote the maturation, differentiation, and IgG4
production of surrounding B cells via IL-21 and IL-4 (17). B cells
subsequently differentiated into plasma cells in the presence of
BAFF (20, 21). As expected, the increased number of Tfh cells was
positively correlated with the disease activity of IgG4-RD (18, 19).
However, whether and how fibroblast produce Tfh and plasma
cell differentiation factors have not been previously reported in
the pathogenesis of IgG4-RD.

To further explore these gaps in the literature, we added
exogenous IL-6/IL-6R to stimulate human AAFs, a type of
fibroblast located in the wall of the aorta, which closely adjoins
the lesions of IgG4-related RPF. These results show that the
AAFs expressed high concentrations of cytokines for promoting
Tfh cell differentiation (e.g., IL-7, IL-12 p70, and IL-23) and
plasma cell differentiation (BAFF) in a dose-dependent manner.
Our results strongly indicate that in IgG4-RD development, once
fibroblasts are activated by IL-6, they can promote IgG4-RD
development by simultaneously producing both IL-6 and Tfh/B
cell differentiation factors in a malicious self-feedback manner.
This finding was further supported by the in vivo results with
immunofluorescence in the retroperitoneum tissues of IgG4-
related RPF patients in the current study.

Our study indicates that IL-6/IL-6R trans-signaling in
fibroblasts releases cytokines that may be linked to the
pathogenesis of IgG4-RD. IL-6 stimulation promotes the

proliferation and production of collagen and fibronectin
by fibroblasts (41), and consequently induces lesion tissue
fibrosis and even loss of function. In turn, over-proliferative
fibroblasts may produce various kinds of cytokines which
further promote Tfh/B cell differentiation and GCF, which
may further result in IgG4-secreting plasma cell infiltration,
aggravated inflammation, tissue damage, and fibrosis in a
malicious self-feedback manner. However, this speculation is
mainly based on our in vitro studies. Numerous internal
factors could have influences on the development of IgG4-
RD in vivo. Further in vivo research might be needed to
confirm the role of IL-6 and fibroblasts in the pathogenesis of
this disease.

It has been well-established that glucocorticoids and
immunosuppressants are the primary reagents used in the
treatment of IgG4-RD, which have been shown to effectively
inhibit the proliferation of immune cells, thereby rapidly
reducing inflammation. However, the current treatment could
not block fibrosis and tissue damage, because tissue cells (e.g.,
fibroblasts andmyofibroblasts) are not sensitive to these reagents.
Thus, it is important to develop a novel means of inhibiting both
fibroblast proliferation and IL-6 production.

In the current study, we investigated the signaling pathways
involved in the production of Tfh/B cell differentiation-related
cytokines in fibroblasts induced by IL-6. The results showed that
IL-7, IL-12 p70, IL-23, and BAFF expressed in AAFs could be
partially blocked by JAK1, JAK2, STAT3, and AKT inhibitors.
JAK inhibitors have demonstrated a remarkable therapeutic effect
on rheumatic arthritis (66) and many other immune-mediated
diseases, including systemic lupus erythematosus (SLE) (67), and
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FIGURE 4 | Fibroblasts produce Tfh cell and B cell differentiation factors in IgG4-related RPF patients. Representative double-labeled immunofluorescence images of

a-SMA and BAFF (A); α-SMA and IL-7 (B); α-SMA and IL-12 p70 (C); α-SMA and IL-23 (D) in the retroperitoneum tissues of IgG4-related RPF and the control

retroperitoneum tissues is shown (n = 6).
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FIGURE 5 | The secretion of cytokines (IL-7, BAFF, IL-12 p70, and IL-23) in the supernatant following stimulation with IL-6/IL-6R (50 ng/ml) with or without different

inhibitors; **p < 0.01 vs. the control group; #p < 0.05 vs. IL-6/IL-6R group; ##p < 0.01 vs. IL-6/IL-6R group; JAK1 inhibitor = Itacitinib; JAK2 inhibitor = AG490;

STAT3 inhibitor = S31-201; Akt inhibitor = LY294002.

dermatomyositis (68). The use of JAK inhibitors in IgG4-RD
treatment should be studied in the future.

To date, anti-IL-6 therapy has been widely used to treat
autoimmune diseases, including rheumatic arthritis (69), giant
cell arteritis (70), and adult-onset Still’s disease (AOSD) (71).
Our results suggest that blocking IL-6 with JAK1/2 inhibitors
or inhibiting fibroblast proliferation might represent a beneficial
IgG4-RD treatment.

CONCLUSIONS

With the stimulation of IL-6/IL-6R, fibroblasts can produce IL-
6 and further produce Tfh and B cell differentiation factors in
vitro, partially via the JAK2/STAT3, JAK1/STAT3, and JAK2/Akt
pathways. These findings indicate that IL-6/IL-6R trans-signaling
in fibroblasts releases cytokines that may be linked to the
pathogenesis of IgG4-RD. Therefore, blocking IL-6 with JAK1/2
inhibitors or inhibiting fibroblast proliferation might be a
beneficial treatment for IgG4-RD.
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Figure S1 | Serial sections of IgG4-related RPF tissue showed lymphocyte and

plasmacyte infiltration along with IL-6, IgG4, and α-SMA expression. (A) HE

staining exhibited diffuse lymphocyte and plasmacyte (←) infiltration in the

IgG4-related RPF tissue, as well as collagenous fiber proliferation (N). (B) IgG4+

plasma cells were observed in the IgG4-related RPF tissue by immunochemistry

examination (upper right,←). (C) The immunochemistry results exhibited

extensive positive IL-6 expression in the IgG4-related RPF tissue, which could be

expressed by lymphoplasmacytes (←) and myofibroblasts (�). (D) The

IL-6-expressing myofibroblasts were confirmed by an α-SMA (�)

immunofluorescence test in the adjacent section of the IgG4-related RPF tissue.
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